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SECTION I
' INTRODUCTION

In recent yearé, extensiﬁe reéeéfch has beén directed towardléynthesié
and characterization of acetylene-terminated oiigoﬁers consiétiﬁg of
sulfones, imides, and quinoxalines having potential for use as adhesives
and composites in high-temperature aerospace environments [1], The

oligomers, for example, bis[4~(3-ethynylphenoxy)phenyl]sulfone

o

cure by the reaction of the terminal ethynyl moieties without evolution
of volatile products, thereby avoiding the cavitation prdblém'enccuntered

with more conventional resin systems.

In the polymer curing reaction, knowledge of the mechanism of chain
initiation, the resultant degree of polymerization, degree ofbcross linking,
and mode of chain termination are important kinetic parameters that may be

correlated with the desired mechanical propefties and thermal stabilities..

In this vein, 4-(3-ethynylphenoxy)phenyl phenyl sulfone,

@%CECH‘ o | an

would be expected to possess a reactivity comparable to that of simple
arylacetylenes as well as that of the acetylene-terminated oligomer
indicated by Structure (I).

Detalled kinetic studles of the polymer curing reaction, coupled with
knowledge related to the degradation mechanism which may be obtained
from thermogravimetric-mass spectrometric analysis of the cured resins,
i may be used to gulde the design and synthesis of new polymers and insure
adherence to rigid quality-control standards required for optimum

performance under extreme environmental conditions.




This report summarizes TGMS analyses for a series of acetylene-terminated
and related oligomers and kinetic and mechanistic investigations of the

curing reaction of oligomers (I) and (II).




SECTION II
EXPERIMENTAL

POLYMER CHARACTERIZAIION AND.SYNTHESIS

TGMS Apparatus

During the report period the following modifications to the TGMS apparatus
were completed | | o
a) iﬁstalled new support for furnace
b) mounted temperature -controller, DVM, and Hewlett-Packard counter
in panels
¢) installed three-station variac to regulate heating tapes
d) 1installed Nupro cut-off values for the fine roughing and gaé—
purging lines ' |
~e) relocated TGMS apparatus.

Thermal-degradation studies involved monitoring sample weight and mass

spectra of volatile gases evolved during a programmed heating in vacuum

from room temperature to 1000°C.

Polymer Synthesis

Samples of bis[4-(3-ethynylphenoxy)phenyl]sulfone (I) and 4-(3-ethynylphenoxy)- |
phenyl phenyl sulfone (II), obtained from the Polymer Branch of the Air
Force Materials Laboratory, were purified by recrystallizationvfrom

hexane prior to use.

Deuteration of oligomer (I) was conducted in dry THF at -40°C by reaction
of 4 g with excess butyl lithium followed by hydrolysis of the resultant
lithium salt with excess D20. After removal of THF, the deuterated

oligomer was purified by three repetitive recrystallizations from dry

l -
hexane. H NMR analysis of the oligomer indicated an isotopic composition
of 98.1 mol % D.




Thermal polymerizations of the oligomers were conducted in sealed tubes
at434 K under a nitrogen atomosphere. Reaction times for oligomer (I)
and the deuterated analogue were limited to 0.75 hr (~25% conversion)

in order to minimize the formation of the crosslinked polymer.

Oligomer II was reacted 3 hr to obtain a conversion approaching 90%.

The reaction products of each polymerization were dissolved in CHyCl,,
and the polymers were isolated by addition of methanol. Analysis of the
protonated polymers by vapor-phase osmometry revealed that the number-

average molecular weight of polymers I and II were 2785 and 2620, respectively.

NMR and IR Spectra

Infrared spectra of the polymers and oligomers were obtained with a
Perkin-Elmer 521 infrared spectrophotometer in KBr matrices unless

otherwise stated.

Nuclear magnetic resonance spectra were obtained with a Varian XL 100/15 NMR
interfaced with a Varian VFT-100 computer and gyrocode decoupler. Proton
spectra of the oligomers (0.2 M in CDCl3) and polymers (0.05 g/ml in

CDCl3) as well as those obtained in the presence of 0.01 to 0.07 M
concentrations of a shift reagent, Eu(fod)j, were recorded in the CW mode

at 100.1 MHz. Chemical shifts were measured relative to internal TMS.

Pulsed FT13C spectra at 25.2 MHz for oligomer and polymer (I) were obtained
in 1.7-mm tubes, while the spectra for oligomer and polymer (II) were
obtained in 12-mm tubes. Proton-noise decoupled spectra of the oligomers
were obtained using a 65° pulse and repetition time of 4.8 sec, while

those of the polymers along with decoupled spectra were obtained with a

25° pulse and repetition time of 0.8 sec.




Molecular Weights

‘Molecular-weight data were obtained with a Waters Model 244 Liquid

Chromatograph (GPC) using 104, 103, 2(5x102), and 102 R U~STYRAGEL

columns with THF as the solvent at a flow rate of 1 ml/min. ‘Calibration

of the GPC columns was based upon isolated fractions of a polymer of known

molecular weight determined w1th a Mecrolab vapor—phase osmometer.

Examination of the GPC trace of the reaction produets revealed thekpresehce

of the polymers as well as two oligomeric fractions. Weight- and number-

average molecular weights of the product distribution, including the

oligomeric fractions, were determined as functions of conversion and

temperature from the areas of the GPC curves using the relation »

_ id . ' - (1)
INGM, ‘ |

In Eq. (1), b=1 for the number-average molecular weight, Mﬁ, while b = 2

for the weight average, i.e., M = Mw. The symbol Ni refers to the number

of species with molecular weight Mi'

Polymer Kinetics

For kinetic studies, conversion data were determined from dynamic
Differential Scanning Calorimetry (DSC) using a Perkin~Elmer DSC-IT
calibrated against lead and indium at heating rates of 80, 40, 20, 10

and 5 K/min. The disappearance of monomer was determined from Eq. (2)
1 | |
- ﬁ»—( )— —( - 410 %r ey | | )
0 _ ;

where dq/dt is the differential power output in mcal/sec, Q is total heat
of reaction in mcal, WO is the initial weight of monomer, and W is the
welght of residual monomer at time, t. The variables A and E are the

usual Arrhenius parameters and 6 = 2.303 RT kcal/ mol.




- The quantity F(W) in Eq. (1) represents a concentration variable of the:
form

FW) = (WW)H" = 1 - )" ' , (3)

where n 18 reaction order and o is the conversion at time t. The apparent

rate constant, kap’ is Al()'-E/e so that Eqs. (1) and (2) may be combined to
obtain '

da n

- = Lk -
Thermochemistry

The enthalpy change of the reaction in kcal/mol was determined from
B, = B, (A /A (W /W) | ,_ | (5)

where AHs is the heat of fusion of an indium standard, Am and AS are

areas 0f the exotherms, and Wy and Wy are weights of the monomer and
standard.

In a typical DSC, samples of monomer (2-4 mg) were weighed into standard
DSC sample pans and scanned at 80, 40, 20, 10, and 5 K/min. under a
nitrogen atmosphere. Data reduction and analysis were performed with

computer programs previously described [2].




SECTION III
RESULTS AND DISCUSSION

POLYMER CHARACTERIZATION

TGMS. Analysis

During the course of this work, fifteen reports were submitted on the

analysié of outgassing products from pdlymers at elevated temperatures.

Abbreviated versions of these reports follow.

“TRT4 PBT

s

Sample Weight 6.13 mg

Weight Loss (30-980°C) 2.5 mg ~ 417
Weight Loss Onset 570°C

Total Ionization Onset 47S°C

¢
(©)—~0)
¢ ¢

Primary Maximum  606°C

Secondary Maximum 734°C o
In the vicinity of 300°C, methanol is released in low abundance.
Benzene is evolved as the principal product.

Onset . - 503°C- ; ' S :

Maximum 600°C FWHM ~ 50°C

Completion 734°C ‘
Hydrogen sulfide, H,S, is released at two disfinct temperatures. The
first maximizes at 6256C, the second at 745°C. Approximately equal
amounts are released at each time; these distinct processes prdbably
correspond to the twb.distinct environments of sulfur in the molecule.
Hydrogen cyanide, HCN, is produced in fairly large abundance in the
same temperature interval as HyS; however, there is no sharp delineation
of two maxima for HCN'prdduction. The maximum rate occurs at 745°C.

Production of H,S and HCN Indicate decomposition of the N

I > ring.

S




Traces of higher-molecular-weight unsaturated hidrocarbons

(cf., m/e 103, ¢CN+) were detected along with benzene.

Based on the mass spectral information and percentage weight
loss, it appears that at 1000°C the overall effect was

to cleave as shown below.

{Qz@cﬁ; 5
/ N

oH ‘ Residue
H2S (2 eliminations)

HCN

NH3

ENYNE POLYSULFONE COPOLYMER (50:50)
. 0 4 ' ?
[ ]
@400 @5
: @000
cH 0 o 0 b

Sample Weight 3.88 ¢

Weight Loss (30-900°C) 218 g ~ 56%

Weight Loss Onset  228°C

Total Ionization - three major peaks with maxima at 119, 459, and 573,
and shoulder at 725°C. _

Productlion of hydrogen could not be studled in this analysis because the

computer sampled only m/e ¢ 12. The mass—-spectral-gscan-voltage range

must be lowered to collect m/e 1, 2,




4,

The following products were detected: '

- Solvent (pr1nc1pally acetone) with onset at 68 C and maximum
rate at 118°C _ o

- Water (H 0) with onset at 525 C and maximum rate at 540 C

- Sulfur d10x1de (802) with onset at 314°C and maximum rate at
460°C (asymmetric peak) o

. - Phenol (¢OH) displaying two maxima at 469 and 518 C

- Benzene (¢H) maximlzlng at 583°C

~ m/e 171, C 0 possibly an isolmerie ion from the aromatic ether

12 ll

ENYNE POLYSULFONE COPOLYMER (50:50) (RERUN)

CH csC
7
.CH

Total ionization is identical in shape with previous run, with three
major peaks at 127°C, 460°C, énd 573°C, and shoulder at 718°C.
Hydrogen evolution onset at 559°C and maximum rate at 761°C.

Solvent onset at 82°C peaking at 139°C. The best match is with methyl
butyl ketone. ‘ '

~ MBK MBK
m/e Present Run Previous Run (iso-) (n-)

6950-7 6950-4 Table Table

43 1000 : 1000 1000 1000
58 325 313 323 323
57 202 200 191 - 180
41 303 291 192 178

29 156 168 149 120
85 89 85 100 108
100 81 - 74 105 86
39 125 126 120 . 84
27 . 130 142 134 83

42 61 65 62 48




The similarity in columns 2 and 3 indicates the reproducibility of the
analyses.

4. Water is evolved starting at 530°C, maximizing at 597°C.
Sulfur dioxide release starts at 314°C, maximizes at 457°C, and is
complete at 542°C.
Benzene is evolved with maxima at 486°C and 587°C.
Phenol is evolved with maxima at 476°C and 559°C.

Series of aromatic products maximizing at 587°C. Some of the identifiable

ions are C7H7+, —¢—0—¢-+, —¢—CH2—¢—0+ and —¢-¢—C-+.

PATS XI-3

.
]

Hc-c-cng—o-@-s;.-@-o—cuz—c-cu
0

1. Sample Weight 7.14 mg
Weight Loss 6.93 mg, 1i.e., 977% sample lost
' (T = 500°C)
2. Weight Loss Onset 146°C |
Maximum Rate of Weight Loss  168°C
Total lonfzation Maximum  168°C
Very narrow range of volatile product
evolution FWHM ~ 19°C

3. Very low ion intensities accompany the weight loss. Only one product,

toluene, could be detected up to 500°C. Spectral scans did not include

m/e 1, 2.

4. There is some evidence for the onset of further products near 500°C.
No degradation products are apparent up to 500°C. Presumably the
weight loss is associated with a rapid sublimation of sample out of
the weighing region; however, there is no evidence for any volatile

sample reaching the jonization region over the temperature region
studied.

10




) PATS XI-3 (RERUN)

o :
i : n
HCs c-CHg-O-@—:s—@—o- CHp—CuCH

o

Sample Weight 8.81 mg

Weight Loss 8.5 mg i.e., > 957 weight lost

(Temperature range RT - 500°C)

Essentially the information for this run confirms all conclusions from
previous repdrt. At a ﬁempérature of ~ 180°C, almost the entire,
sample sublimes from the weighing region. Toluene is the only volatile
product observed at the sublimation temperature. Scans on this

run included m/3 1 and 2 which confirms that no hydrogen is evolved.

At ~500°C there is evidence for the onset of volatile products. Ihese »
may arise from thermal degradation of the residue or from creeping of
the PATS XI-3 sample to the ionization region. o
Note that this apparatus was designed with no line of sight between the
sample and ionizing regions to ensure that only volatile prbductS‘are
detected. Hence, it discriminates strongly against the detection of
samples that upon slow heating tend to volatolize rather than thermally
degrade. It is recomﬁended that samples such as this one bevstudied
with rapitheating techniques more akin to pyrolysis studies or placed
directly on the solids probe of a high-resolution mass spectrometer;‘

In TG-MS studies a minimum of 5 mg of sample is required for good weight¥
loss measurements; however, each run of sample such as the bresent
requires the subéequeqt scrubbing of the hang-down tube and weighing

wire region in order to routinely remove the sample.

11




TRI¢ PBO

Sample Weight 6.66 mg
Weight Loss 2,69 mg, 1di.e., 407
Total Ionization Onset 73°C broad plateau
Maximum 609°C
Second Maximum 794°C
No attempt to identify products above 680°C because of memory from
previous sample that sublimed in run up to 550°C. Identification
of sample is based on m/e 48 and 64 from SO+ and SO2 characteristic of

previous sample.

At 126°C small amounts of solvent are observed. This appears to be a
mixture of solvents (m/e 16, 17, 41, 55, 56, and 86).

The temperature profile has a FWHM of ~47°C. The initial onset is
435°C with a sharp increase at 498°C. Benzene evolution maximizes at
595°C and is complete at 670°C. ‘ .
Accompanying the evolution of benzene but lagging by ~10°C is a

series of products consisting of unstaurated hydrocarbons,

@: AND @" ¢ | ,

corresponding to the breakup of the triphenyl-substituted ring as well
as phenol and benzonitrile.

H,0 is released at 600°C.

HCN is evolved in abundance at 600 and 740°C.




POLYIMIDE DIMER (THERMID)

HCIC-@—-N J@’ @c@@© J@, @ -@—c-cn "

Sample Weight , 5.43 mg

Weight Loss (to 980°C) 1.94 mg, i.e., 36%

The weight-loss and first-derivative curves indicate two temperatures
280°C, 630°C whefe/weight is lost with a maximum rate. The first-
derivative curve and the total-ionization curves are in excellent'
agreement indicating no sign of eublimation. ' |

The peak at 280°C corresponding to ”107 of the weight loss is ethanol.
At 450°C there are traces of fluorocarbon products, e.g., ij+,NHF+,
¢F', but no cFO' N

Starting at 500°C, the'sample commences degradation with the following

products identified:

Carbon Dioxide Major peak at 630°C, shoulder at 580°C
Carbon Monoxide - 680°C
Water ~ 640°C
Benzene 650°C
Benzonitrile 640°C
Substituted Benzenes 640°C
Hydrogen Cyanide 680°C

At higher temperatdre ~820°C there is evidence for hydrogen evolution.
The computer scaling for several peaks including m/e 38, 50, 53, 55, ‘
63, 65, 69, 186, 129, and 170 failed to operate correctly, necessitating

analysis based on the spectfe rather than the mass—tempefature profiles.




RADEL

0
i
@~0--©@-i<@>-
n
Sample Weight _ 4.35 mg
Weight Loss (to 1000°C) 2.79 mg i.e., 64%

Compare 56% in enyne polysulfone copolymer

The first derivative of the weight-loss and the total-ionization

curves are in excellent agreement showing a major peak at 570°C with a
FWHM of 50-60°C and a very small peak at 724°C.

This 18 a very clean sample with no solvent observed.

The major degradation products observed at 570°C are water, sulfur
dioxide, phenol,and benzene. In addition, several ions of high molecular

o' (mfe 171), c..H..0.7 (m/e = 187),

weight corresponding to C 1291195

s 1211
and C18H1602 (m/e 264) are observed.
Carbon monoxide is detected at higher temperatures and accounts for the
small peak in the total ionization at 724°C.
Basically, comparing the present sample with the enyne polysulfone
copolymer
a) same products are observed but with different temperature profiles
b) no solvents or degradation before 430°C in present sample
¢) 8sulfur dioxide is released in the present sample along with .
all the other degradation products. In the enyne polysulfone
copolymer, 1ts production maximized at 460°C, approximately
100°C lower than the present sample
d) phenol evolution displayed only one maximum in the present sample

contrasted with two maxima in the exyne polyéulfone copolymer.

14
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PBO AND TRI¢ PBO COMPARISON

" The analysis is presented as a éomparison of PBO and Tri¢ PBO as

outlined in Table 1.

Some points worthy of note are:

a)
b)
c)
d)

e)
£)

g)

h)
1)

relative amounts of benzeﬁe evolved

overall abundance of carbon monoxide and hydrogen cyanide

apparent production of ammonia in'each‘sample ‘
lower-temperature (543°C) evolution of carbon‘dioxide from PBO
(trapped gas?)

relative weight loss

absence of significant amounts of phenol and benzonitrile from PBO
excellent agreement of total ionization and defivative‘of weight—

loss profiles for PBO

relative abundance of water from Tri¢ PBO

low température (~600°C) for benzene evolution from Tti¢ PBO.

15




COMPARISON OF THERMAL DEGRADATION OF

TABLE 1

PBO AND TRI¢ PBO

Weight Loss (%)
RT-1000°C

Total Ionization
Derivative of Wt. Loss

Solvents

c
Products Intensity

Benzene 100
Carbon Monoxide 52
Hydrogen Cyanide 40

Water 31
Benzonitrile 17
Ammonia 17
Carbon Dioxide 8
Phenol

* Unidentified <5

40

a,b
ggg(z) 794(1)
Excessive Noise
126 m/e 16, 17, 41,
55, 56, 86

Temp For Max..
Rate (°C)

28

551(1)  663(10)
551(1) = 663(10)

190 m/e 41, 43, 56,
57, 85

Temp For Max,

595
610 777
670 750
610
620
630
600
790

a
Relative peak height shown in parenthesis.

Intensity Rate (°C)
3 670
100 670
53 670
9 660
<1 650
12 660
56 543 660
<1 650
<5

Temperature corresponding to next intense peak is underlined.

c
Estimated on basis of peak height and fragmentation pattern. No account

is taken for differences in shape of temperature profiles or differences
in total-ionization cross sections.
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PBT (2122-384) AND TRI¢ PBT COMPARISON

The analysis is presented as a comparison of PBT and Tri¢ PBT as
outlined in Table 2. - o

Interesting features from Table 2 are:

a)
b)

c)
d)

o

£)

relative amounts of benzene evolved

percentage weight loss in each case correlates Very.weli with the

PBO, Tri¢ PBO analogues ’

ammonia is evolved in both samples

note carbon-disulphide production in PBT énalogous tb carbon
dioxide in PBO (negligible amounts in the Tri¢ analogues)
lowest—temperatufe process in Tri¢'PBT--pfecisély the same behavibf
is observed with Tri¢ PBO ’

aromatic products make a negligible total contribution in PBT and
PBO, whereas benéene is the’major product for the Tri¢ hnalbgﬁés

in each case.

17




TABLE 2

COMPARISON OF THERMAL DEGRADATION OF PBT AND TRI@ PBT

TRI ¢ PBT
N N
Jox ¢ ToX
S : S
Weight Loss (Z) 41 28
RT-1000°C
Total Ionization 606(2) 743(1) 690
Derivative of Weight Loss Excessive Noise 690
Solvents 300, CH30H 97 m/e 73, 44, 43, 42
240 m/e 73, 68, 66, 55,
54, 53, 44, 43,
42, 41, 39
284 HZO’ Nz (tentative)
Temp For Max. Temp For Max.
Products Intensity @ Rate (°C) Intensity Rate (°C)
Benzene 100 600 - -
Hydrogen Sulphide 75b 625 745 100 690
Hydrogen Cyanide 33 ~624 742 - 51 707
Carbon Disulphide - Masked by Benzene 34 760
Ammonia 12° 625 750 3 690
Benzonitrile 9 615 3 680

8pstimated on basis of peak height and fragmentation pattern.

No account taken

for area under temperature profile or correction for total-ionization cross

sections.

In this case the temperature profile indicated two approximately equal rates
of production; therefore, the peak intensity was multiplied X2.

18
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TRI$ PBO AND TRI¢ PBT COMPARISON

Overall weight loss is 41 and 40% for Tr1¢ PBT and Tri¢ PBO, respectlvely
As was suggested in a previous report, the weight-loss and mass—

spectrometric data suggest that the residue is

That is, the degradation involvee the cleavage as shown ebove eccompanied
by elimination of benzene occurring with a maximum rate at about 600°C.
Based on this cleavage, the expeeted’residue would be 41 and 39% for
Tri¢ PBT and Tri¢ PBO; respectively.' This is an excellent accord

with the observed weight loss. |

The temperature profiles for the major products are shown in Figs. 1
and 2. Note the close correspoﬁdence of benzene and hydrogen cyanide
profiles for each sample. : v |

In Fig. 1, benzene is released at the lowest temperature:followed by
the release of hydrogen cyanide and hydrogen sulfide. The latter two
products display two fairly distinct maxima possibly corresponding to
the two heterocyclic rings. The existence of two maxima suggests that

one of the flve—membered rings opens during the release of benzene.

Qe
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In Fig. 2, benzene is evolved at the iowest temperature followed

1 . H .
shortly by carbon monoxide, hydrogen cyanide, and water.

800

-,(N )

Many of these processes are competing with the other less important
routes producing ¢CN,‘NH3, CO2 and ¢OH.

PBO (292-12) AND PBT (2122-38A) COMPARISON

The basic thermal degradation is completely distinct from the triphenyl-
substituted analogues. There 1s no evidence for benzene evolution
indicating initial decomposition of the fused-ring moiety.

Temperature profiles of the major products are given in Figs. 3 and 4.
In the PBT sample, hydrogen sulfide production is the lowest energy
process indicating an opening of one of the five membered rings. As
expected, this is closely followed by hydrogen cyanide evolution.

At slightly higher temperatures carbon disulfide is evolved over a
broad temperature range. It is clear from Fig. 3 that even at 1000°C,
the production of 052 is still not complete.

It appears that only one of the five membered rings is involved in the
primary degradation and that CS2 is driven off from the resultant char.
The observed weight loss of 287 is consistent with the loss of 1 HZS’
1 HCN, and 1/4 082 from each unit.

PBT degradation occurs at temperatures at least 50° above thermal
degradation of the triphenyl-substituted species.

In PBO, carbon dioxide displays two maxima in its temperature profile.
This is somewhat surprising considering the profile for 052 in PBT.
Conceivably, the lower-temperature peak may not be associated with
primary thermal degradation, but this would have to be checked
independently. The higher-temperature profiles for carbon dioxide,
carbon monoxide, and hydrogen cyanide all peak at about the same
temperature. '

The observed weight loss of 287 is consistent with the loss of 1 CO,

1 HCN, and 1/4 co, from each unit.
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Neglecting the CO, profile at lower temperatures, all profiles for

PBO and PBT display one temperature region for evolution consistent

with the weight-loss information(of~dedomposioion of essentially one

of the five membered rings.' This can oé oontrésted with ﬁhe triphenyl- 1
substituted analogues in which both weight-loss and mass—spectral »

information indicate decomposition of the entire fused-ring system. -

BATQ MODEL COMPOUND
G-
W N

Initial weight 4,61 mg '
Weight loss  (RT-1000°C) 3.16 mg, i.e., 69%
The first derivative of the weight-loss and totalpionization temperature
profiles do not correlate well. There are strong indications that the
sample sublimes from the hot zone prior to thermal degradétion.‘
For example, the rate of weight loss peaks at ~490°C,whereés the
total ionization curve displays a maximum at 550°C. Also, the FWHM

of the latter curve is ~100°C,whereas that of the former is ~170°C.

The major products are the following in order of increasihg temperature

for their detection at maximum rate:

Toluene ~ ~535°C

Benzonitrile , 540

Benzene ) 560

Phenol o ~565

Water I . 580

Hydrogen cyanide 710

Carbon monoxide . - 720 .

Solvent ~380 ~ketone

In addition, there are some higher-molecular~weight products evolving
at ~530°C. Tons up to m/e 282 are observed in low abundance. Some

of the more intense lons are m/e 170, 194, and 206.
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BATQ MODEL COMPD. (RERUN)

Initial Weight 5.85 mg -

Final Weight 1.22 mg Weight Loss 78%

The analyzed volatile products from this sample are identical with those
observed in BATQ 1II or previous ATQ samples. That is, the major
products are toluene, benzonitrile, benzene, phenol, water, hydrogen
cyanide, and carbon monoxide. In addition, the temperature profiles

and relative abundance of the products are very similar for both samples.
This sample contains some carbon tetrachloride which is detected with
maximum abundance at 130°C.

There are some subtle differences in the ionic distribution of the
higher-molecular-weight products; however, the low intensity of these
ions precludes any definitive comparison.

As in the previous sample, difficulties with the competition between
sample sublimation and thermal degradation limit the interpretation of

the mass-spectral data.

DAPI
[ o 0 i
0
| il
/C C
4N, ‘(O:[ N -
¢ ¢’ '
0 CHz CHg
- : Jn
Initial Weight 7.5 mg
Final Weight (1000°C) 3.46 mg
Weight Loss 547

The total-ionization curve and first derivative of the weight-~loss

curve agree quite well. The thermal decomposition exhibits two
maxima occuring at 500°C and 590°C.

Traces of solvent arcidefected with maximum intensity in the temperature
Interval 250-300°C.
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The polymer‘ié stable with respect to thermal‘deéradation‘up to a
temperature qf Z306C; then a wide range of_prdduéts is detected.

The products are 1is£ed.in the following éloﬁg with the temperature -
corresponding to the maximum rate of evolution.k The listed order

corresponds to décrehsing relative abundance.

" Temperature - ,

Product ‘ : (°c) ‘ Comments
co- 500 590 See Fig. 5
HZO : 500 . Follows Profile A
CH, _ 500 (590) ' Follows Profile A
co, 500 580 | See Fig. 5
HCN ' - 640 .. See Fig. 5
NH, 590 | _Follows Profile B
CoH, ' 580 . Follows Profile B
C7H8 , . 570. ; Follows Profile B
PCN 580
BN, (2) | 490

0 .
ol 520 560

N,

@[ NH

C/

1l

0

0

! |

S e 500

@:ﬁ’N _@—CH3

0
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HC=C @/0(%%]:90—@—05 CH |

1. TInitial Weight . 4.49 mg

Final Weight 3.66 mg
Weight Loss .18% (to 1000°C)

2. Only 187 of the sample weight was lost at temperatures up to 1000°C.
The maximum rate of weight loss and largest total ion current were
observed at approximately 530°C. Some temperature instability was
occurring during thé evolution of volatile products; tﬁerefdre, the
precise temperature is uncertain * 20°C. _ " B

3. Below 460°C no volatile products could be detected. Appareﬁtly‘any'
solvent evolution was below the detectable limits ofbthis ekperiment.

4, At 530°C:é series of aromatic products such as benzene and toluene
was observed in maximum abundance. Also included but with considerably
lower abundance were phenol and bénzonitfile.

5. 1In the vicinicy_of'600°C, principally carbonimOnoxide and water were
observed. ‘ ' .

6. Above 700°C hydrbgen cyanide,»ammonia, and carbon mbnoxide were

observed.

IR Spectra

Infrared spectra of oligomer (I), the deuterio-analogue, oligomer (II),

and the corresponding polymers isolated after thermal teactidn at 434 K are
shown in Figs. 6-8, respectively. The structﬁral\complexity and inherent

lack of high symmetry rule out the use of detailed group theﬁreticul énalysls;
however, some qualitative assignments are easily discerned. The spectra ‘
of the protonated oligomers, Figs. 6a and 8a, possess intense bands in the
region of 3300 cm~l and weak bands at 2100 cm-l which are characteristic

of C-H and CZC stretching motions of the ethynyl mofety [3]. 1In the
deuterated spectra, Fig.k7, the corresponding bands associated with the

-CZCD mniety occur.at 2560 and 1970 cm—l, respectively.
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In the spectrum of poly[4-(3-ethynylphenoxy)phenyl phenyl sulfone],
Fig. 8b, the C-H stretching motion of the ethynyl moiety is absent and
contrasts sharply with the spéctra given in Figs. 6b and 7b for
poly[Bis[4~(3-ethynylphenoxy)phenyl]sulfone] which indicate that the
intensities of the bands associated with the C=CH and CZ C-D moieties

are about one-half those observed in the initial bligomers.

The'frequencies of the intense bands in all monomers in the 1350-1200 cm~1
~ and 1150-1060 cm-1 regions associated with symmetric and antisymmetric
stretching motions of the aryl ether and .sulfone moieties [4] are relatively

unperturbed by polymerization.

By analogy with simple conjugated polyenes, the protonated polymers,

in particular that of the model compound in Fig. 8b, exhibit weak bands at
960-940 em~1l indicative of trans—unséturation [5]. These can be assigned

as olefinic C-H deformation modes by comparison with the deuterated polymer
in Fig. 8b. 1In Fig. 7b thé band at 940 in the ﬁrotbnated polymer is -absent

and, therefore, presumably may be associated with unsaturation.

14 NMR Spectra

The proton spectra in the fegion 3-8 ppm for polymefs (1) and (II) and
changes induced by addition of the shift reagent, Eu(fod)3, are given in
Figs. 9 and 10. Both of ﬁhese figures show characteristic broad absorption -
in the region 6-8 ppm which is analogous to the spectra of | '
polyarylacetylenes [5].

Polymer (I) in Fig; 9a shows broad absorption at 7.9, 7.5 (CHCl3 impurity),
and 7.0 ppm with half-bandwidths, i.e., Avl/Z’ of 35, 10, and 35 Hz,
respectively. The absorption at 7.0}ppm’is asymmetric and decreases toward

1/2=4 Hz

centered at 3.1 ppm, indicative of pendant ethynyl groups. The relative -

the baseline at 6.0 ppm. There is also a resonance with AV

intensities of the ethynyl and aromatic protons are consistent with the

polyene structure for polymer (I) and correlate with the 1n£ensity ratios
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observed in the IR spectrum. Polymer (II) in Fig. 10a exhibits broad
absorption from 6 to 7.2 ppm, with Avl/Z = 80 Hz, a sharp CHClj3 impurity
at 7.2 ppm, and broad absorptions with Avl/Z = 20 Hz at 7.2 and 7.9 ppm.
Assignments for the proton spectra based upon a first-order analysis of

tﬁe multiplets are summarized in Table 3.

Coordination of the shift reagent with the polymers would be exptected to
occur at the sulfone nucleus, which is supported experimentally by the
spectral changes shown in'Figs. 9 and 10. Figure 10 for polymer (II) shows
clearly that the aromatic protons shift downfield, revealing a broad-
resonance at 6.2 ppm. Similar behavior, but less intense due to more
extensive line broadening, is observed in the spectrum of polymer (I) in
Fig. 9. The resonance in'both polymers at 6.2 ppm 1is in the region reported

for the olefinic protons of the trans-cisoidal isomer of polyphenylacetylene
[5].

13¢ nMrR Spectra

Assignments for 13C spectra were based upon intensity considerations and
additivity rules for substituted benzenes [6,7]. In the oligomers, chemical
shifts for the carbon atoms in the ethynylbenzene moiety were derived from
substituent constants for a p-sulfonylphenoxy group and empirical'parameters
given for ethynylbenzene [6]. Chemical shifts for the aromatic carbons

in the polymers, based upon parameters for phenylacetylene and styrene [6L
were estimated from the chemical shifts of the oligomers and the assumption
that the ethynyl group is converted to an ethene linkage by polymerizationm.
The observed 13C spectra are summarized in Table 4, and the reasonable
agreement between the observed and estimated chemical shifts supports the

polyene structure assumed for each polymer.

Changes in 130 spectra indiced by the addition of Eu(fud),j to oligomer and
polymer (IT) are illustrated in Figs. 11 and 12, respectively. Figure 11
reveals that the largest downfield shifts of the aromatic carbons in the
oligomer occur at positions £ and m which are directly bonded to the

sulfone nucleus. In Fig. 11 the ethynyl carbons at 78.3 and 82.2 ppm are
unchanged by the addition of Eu(fod)3.
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TABLE 3. SUMMARY OF H NMR DATA
o
- C=CH

i W Qg t b
xj ’ﬁ—‘lynly—‘lgc
O e
0ligomerd ‘ Polymer
X Obs. 6 (ppm) AssignP Obs. s (ppm) AssignP
H 7.9,8.0 g,h 7.8 | g,h
7.5 i,e ' 7.5 “d,c,h
7.3 b,e 6.0-7.2 b,d,f,j,=CH
7.2 d ' ;
, 7.0 £,9
' _ 3.1 - a
HC=C o- 7.9 g 7.9 - g
' —@r 7.3 b,e 7.4 b,e
_ 7.1 . d 6.0-7.1 c,d,f,=CH
’ 7.0 f,c 3.1 a
3.1 a

3For X # H, g=h, f=1

Based on first-order analysis of‘multiplets.
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TABLE 4. SUMMARY OF C NMR DATA
e=¢
x y Qn%)lk ii Iﬁ c "
O @Oms
Oligomera Polymer
Obs. &b Calc. § Obs. &P Calec. §
X (ppm) (ppm) Assign. (ppm) (ppm) Assign.
H 78.3 a 109 a,b
82.2 b
117.5 3 117.2, 117.3 d
, 117.4
120.4 119.9 g 118-120 120.1 g
123.1 123.9 d
123.6 123.5 c
126.9 n 126.9 n
128.1 128.3 e :
128.7 o 128.7 o
129.4 k 129.4 129.4 f,k
129.6 130.0 f
132.4 P 132.5 )
134.9 m 134.8 m
141.4 1 141.1 139.2, L,c,e
’ 143,7
154.0 154.3 h -154.4 153.8 h
160.6 i 160.9 ' i
»&@rc'c“ 79.7 a 79.8 a
82.4 b 82.4 b
117.8 d
117.9 i
118.2 i 118.3 k]
121.1 g 121.1 g
123.4 d 123.4 d
124.4 c 124.4 c
128.5 n
128.6 e 128.7 e
129.6 k 130.1 k
130.0 f 130.7 f
135.7 L 136.6 2,m
154.6 h 155.2 h
) 160.4
161.1 i 161.4 i
%For X#H; p=i;ne=k; o= j; m= R,
Measured from CDC13 and converted to TMS scale hy UCDC13 - Omg T 76.91.
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In the spectrum of polymer (II), the aromatic carbon formally assigned to
the 119.9-ppm line in the oligomer is broadened and extends over the range

118-120 ppm, as indicated by the hatched area in Fig. 12. 1In addition, a
broad resonance in the region expected for olefinic carbons was observed

in the spectra obtained for the polymer solutions containg 0.04 to 0.06
M Eu(fod)3. The chemical shifts of o- and B—carbons iﬁ{substituted‘styrenes
are reported to occur in the range 133-150 and 109-120 ppm, respectively,

relative to TMS [8].
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POLYMER KINETICS AND THERMOCHEMISTRY

DSC Kinetics

Figure 13 illustrates the reaction exotherms, i.e., dq/dt vs T, obtained

from the dynamic DSC measurements for three of the five heating rates for

the thermal reaction of bis[4~(3-ethynylphenoxy)phenyl]sulfone. 1In order

to evaluate the temperature dependence of the rate data, Eq. (4) was rearranged

to obtain

da -E 1) - n
do) __-E_(1 1 - 6
log (dt) 2.303R (T) *log A (1 -0 ©

At constant conversion, and assuming A and n constant, Eq. (6) should yield

a linear relation between log (do/dt) and Tfl. Thus, the apparent activation
energies, Eap’ were determined from the slope of Eq. (6) for each level of
conversion. Representative rate data for oligomer (I) are summarized in
Table 5. An Arrhenius plot for Eq. (6) using the data of Table 1 determined
from the exotherms shown in Fig. 13 1is given in Fig. 14. 1In Fig. 14 the

data points obtained at each conversion level fall essentially on lines

with the same line slope, thus indicating that Eap is independent of the

extent of reaction.

In order to evaluate the reaction order and A factor, Eq. (3) was rearranged

to obtain

log AF(a) = log A(1-a)" = n log(l-a) + log A €))

Average values of AF(a) were calculated from the conversion data at each
heating rate. The reaction order, n, and the A factor were obtained from
the slope and intercept, respectively, from a least-squares analysis based
on Eq. (7). Over the range 20-607% conversion, the reaction order was

determined to be substantially less than unity, with n = 0.33,
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TABLE 5

SUMMARY OF DYNAMIC DSC DATA FOR THE THERMAL POLYMERIZATION
OF BIS[z—(3-ETHYNYLPHENOXY)PHENYL] SULFONE

Heat Rate

Wo o T Total Data Pt.
(mg) (X)
80 5.49 10 511 61
20 520
30 524
40 527
50 530
60 533
40 3.01 10 495 57
20 507
30 513
40 . 518
50 521
60 524
20 4.55 10 486 161
20 494
30 500
40 504
50 507
60 509
10 5.35 10 475 66
20 482
30 487
40 491
50 494
60 496
5 6.43 10 467 58
20 473 :
30 478
40 480
50 483
60 485
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Fig. 14. Arrhenius Plot for Thermal Reaction of Bis[4 (3 Ethynylphenoxy)
Phenyl]Sulfone from 467 to 533 K.
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Least-squares analysis of the rate data such as summarized in Table 1,

resulted in

log (kap/s-l) = (8.5 % 0.5) - (24.2 + 1)/6 (8)

where the uncertainties correspond to one standard deviation. The
logarithm of the observed A factor compares favorably with those previously
reported for simple arylacetylenes [9,10]; namely, phenylacetylene

(log A/s-l = 8.1 + 0.5) and (3-phenoxyphenyl)acetylene (log A/s-l =

7.6 £ 0.5).

The heats of reaction, calculated from each heating rate using
Eq. (4), are summarized in Table 6. These data were averaged to

obtain the enthalpy of polymerization,'AHp = -55 * 6 kcal/mol.

Effect of Reaction Variables on Molecular Weight

The representative cumulative differential molecular-weight distributions
determined by GPC analysis for the oligomer, bis[4-(3-ethynylphenoxy)
phenyl]sulfone and the model compound, &4-(3-ethynylphenoxy)phenyl phenyl
sulfone which were polymerized at 434 K, are illustrated in Fig. 15.
Examination of Fig. 15 reveals clearly that both the oligomer and the
model compound react to yield polymer as well as two lower-molecular-
weight oligomerig fractions, which suggests that a common mechanism may

be operative.

Figure 16 illustrates the effect of conversion upon the dispression ratio,
i.e., Mw/Mn‘ for the polymerization of bis[4-(3-ethynylphenoxy)phenyl]
gulfone. As shown in Fig. 16, results of the GPC analyses indicate that
Mw/Mn = 1.5 up to 30% conversion. Under conditions where o exceeds

0.3, the ratio Mw/Mn diverges rapidly as the reaction approaches the

gel point. Intersection of tangents drawn along each of the linear
branches in Fig. 16 implies that the critical conversion for gel formation

exceeds 357.
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TABLE 6
HEAT OF POLYMERIZATION OF
BIS[4~-(3-ETHYNYLPHENOXY) PHENYL] SULFONE

Heat Rate - S 4 -AHp
(K/min ) ‘ » : ‘ k( kcal/mol )
80 - 67.1
40 , o 59,7
20 ' ’ 51.6
10 . 48.5
5 o 48.2
| av 55 * 6
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Fig. 15. Cumulative Differential Molecular-Weight Distributions for
Thermal Polymerizations of Oligomers at 434 K. (a) Oligomer (I);
(b) Oligomer (II).
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Fig. 16. Influence of Conversion upon the Ratio M /M, at 434 K for
Bis[4~(3-Ethynylphenoxy)Phenyl]Sulfone. ‘
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The influence of temperature upon the number-average molecular weight

at 25% conversion in the range 390 to 510 K is shown in Fig. 17, and

the data are summarized in Table 7. Although the data are somewhat
scattered, Mn exhibits a‘sma}l but significant exponential temperature
dependence. For a conventional free-radical mechanism controlled by
second-~-order termination, dne expects a sizeable temperature dependence
for the polymer molecular weight since the kinetic chain length is
inversely proportional to the square root of the rate of initiation [10].
The small temperature variation shown in Fig. 17 suggests that in the

pre-gel stage of polymerization, molecular weight is governed by a

first-order termination.

Proposed Reaction Mechanism

The sum of the experimental data, in particular the polymer—characterization
data, indicates a polymer structure consistent with a low-molecular-weight
polyene. The possibility of a simple condensation or step-growth mechanism
in the pre-gel stages of reaction can be ruled out on the basis of the dis-
persion data since a high-molecular-weight polymer, i.e., a polymer with

DPp = 10, would not be expected until attainment of high conversion. This
observation along with the similarity of the kinetics to simple arylacetylenes

[9,10] suggests that a free-radical chain mechanism is operative.

While the uncertalnty assocliated with the determination of the dispersion
ratio, MN/M, from GPC probably 1s too large to draw definitive conclusions
pertaining to the termination mechanism, the absence of a significant
temperatﬁre dependence for number-average molecular weight strongly implies
a first-order termination process as the major factor governing the kinetic
and molecular chain lengths. Thus, the free-radical mechanism illustrated
in Fig. 18 1is proposed for the pre-gel stage of the thermal polymerization
of Bis[4-(3-ethynylphenoxy)phenyl]sulfone.
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TABLE 7

EFFECT OF TEMPERATURE UPON
NUMBER-AVERAGE MOLECULAR WEIGHT AT CONSTANT CONVERSION

TEMP Y
(K)

400 | 5898
416 3293
426 4175
434 3117
434 2827
445 4023
465 3457
476 . 2357

aMeasured via GPC with a = 0.25.

REACTION MECHANISM

M > Mé (1)

Xy +M > Xj (2)
Xk + M g X2

xgl > xm | (3)

2Xpy > (1 + 8)P (4)

Fig. 18. Proposed Reaction Mechanism for Thermal Polymerization of
Bis[4-(Ethynylphenoxy)Phenyl]Sulfone.
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In the proposed mechanism,‘-Mz is the biradical, Xj, Xj, Xy, and X are
growing polymer radicals, P represents the polymer, and B is an’ unknown
variable which represents the fraction of polymer formed by |
disproportionation. Reaction (3), which represents a first-order
deactivation of the growing polymer chain‘Xg, is tonsistent with the
observation that the number—average molecular weight is only‘marginally

dependent upon the polymerization temperature.

In reaction (1) of Fig. 18, the rate-determinating step;of initiation
involves the tail-to-tail addition of two monomer units to yield a
trans-biradical. Propogation is assumed to occur with equal probability
‘at each radical site in the biradical; however, it is conceiVable that
"one of the centers could be deactivated and initiation would result

from a monoradical or psuedo—monoradical source. Reactions (2) and

(3) are assumed to exert major control over the molecular weight, whereas

reaction (4) does not.

" While the nature of reaction (3) is not known with certainty, it is of
interest to comment on two possibilities. First, in‘the absence of‘
steric restrictioms, reaction (3) could inyolve,an intramolecular chain

. eyclization; ' ’

,xf—cru CX —

vhere X represents pendant 3—[4-[[4-(3-ethynylphenoxy)phenyllsulfone]phenyll—
phenyl substituents attached to the polymer backbone. The proposed
cyclohexadienyl species could then undergo unimolecular elimination toyield a
cyclic trimer and a new active radial. The new radical center would

disappear by radical coupling and/or disproportionations in reaction (4)
or re-initiate the kinetic chain.

The second possibility is that the propagation is strongly.siZe—&ependeut
and that after achieving a certain critical chaln length, the reaction
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ceases. The free-radical site could be deactivated by steric restrictions
or conceivably be transferred to the interior of the polymer chain. The
deactivated radicals ultimately disappear through reaction (4). In this
case, the formation of the trimer could arise from ring closure after
addition of one monomer unit to the biradical forme& in reaction (1)

by head-to-tail addition.

If reaction (3) is identified with the first-order termination step, then

application of the steady-state hypothesis assuming short kinetic chains

leads to
k
a P . 9
"3t Ri{“kt M} | 9

for the net disappearance of monomer, where M is the monomer concentration,
Ri is the rate of initiation, and kp and kt are specific rate constants for

propagation and termination, respectively.

Under steady-state conditions the number-average degree of polymerization,
DPn’ is related to the kinetic chain length, A = (dM/dt)/Ri, by

DPn =2 A/(1+B), where B is the fraction of the polymer formed by dispropor-
tionation. 1If kp/kt and M are expressed as AI/Atlo_(EpEt)/0 and
Mo(lql)/(l+AV/V°), respectively, where AV is the volume change of polymeriza-
tion and vo and M0 refer to the volume and molarity of the neat monomer,

then Eq. (9) may be rearranged to obtain

. E-E A M (1-a)
_p_t (1 2\ pl.o |},
log {D"n‘ 2/(”‘”} "~ 2.30% ('r ) + log (1+e) A, [1+AV/V° ]} (10)
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For constant conversion, the deCrease associated with M /(1+AV/V ) will

be offset by an expected increase in A /A ; therefore, within a reasonable
approximation, the right-hand side of Eq (10) involving (1+AV/V )

should be invariant with temperature. Consequently, a plot of

log {DP - 2/(1+B)} as a function of the reciprocal of absolute temperature
should be linear, having a slope equivalent to (E - Et)/(2'303R)’

The value of B>is unknown; however, variation of R from zero to unity,'
while producing a small perturbation to the intercept of Eq. (10), would
have a negligibie effect upon the magnitude of (Ep - E#)/(2.303R). There-
fore, B was equated to the average value of 0.5 and the molecular weight
data in Table 7 plotted according to Eq. (10) in Fig. 19 were subjected
to least-squares analysis to yield

log {nrn-t./s} = (-1.0£0.6) + Q——e—:f-l‘—él ? (i
over the range'400 to 476 K. - In Eq. (11) the difference in éétivation
energies for propagation and termination indicates that Et is approximétely
4 keal /mol larger than Ep' Also, from the intercept it may be inferred
that A exceeds A_ by an order of magnitude. These parameters are quali-

tatively consistent with those expécted from semi-empefical thermochemical

estimates [10], and the agreement adds support to the proposed mechanism.

In the post-gel stage of the polymeriiation, subsequent reactions of the
polymer chains, excess mdnomer; and the cyclic'trimer'ﬁould theﬁ‘result~
in additional chain extension and cross-linking to yield a large network
resin. The incorporation of ﬁhetrimerinto the polymer chain 1s consistent
with recent 13c magic—-angle spectra on cured samples of the acetylene~
terminated polymide, thermid, which indicates that less than 30% of the
ethynyl groups react by cyclotrimerization [11]. ‘
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Fig. 19. Temperature Dependence of the Number-Average Degree of
Polymerization at Constant Conversion.
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' SECTION 4
SUMMARY, CONCLUSION, AND RECOMMENDATIONS

SUMMARY AND CONCLUSIONS

A summary of results for TGMS analyses of a series of acetylene—terminated
and related oligomersis presented. Sample weight loss and volatile gas
evolution during programmed heating of polymers are correlated in order to

assess thermal stabilities and obtain qualitative information concerning

the mechanism of polymer degradation.

Thermal polymerization of a key oligomer, bis[4-(3—ethyny1phenoxy)pheny1]
sulfone; and an associated model compound, 4—(3-ethynylphenoxy)phenyl

phenyl sulfone, were examined using combined techniques of DSC, GPC, 1R,

NMR, and 13¢c ™R. Based opon the total data, a general mechanism for
the polymerization of acetylene—terminated oligomers was devised. A
more extensive discussion of the mechanistic implicationsis given in the

publications in the accompanying Appendix.

~ The following points are pertinent for the proposed reaction mechanism:

1)y Initiation results from a monoradical or psuedo—monoradical source
in which the rate-determing step is governed by biradical formatlon

arising from tail-to-tail addition of two monomer units.

(2) 1In the pre-gel stage_of.the reaction,lthe kinetic and molecular chain
lengths are controlled By a first-order termination which may involve
cyclization of the growing polymer chain. Subsequent polymer

formation results from radical coupling and/or disproportionation.

(3) 1In the post-gel stages of the reaction, coupling of the primary
_polymer chains and additional chain extension arising from competing

reactions of the trimer and residual monomer result in the formation

of &n infinite network.




RECOMMENDAT IONS
It is recommended that future work involve the following:

(1) Investigation of the rate of initiation using deuterium kinetic
isotope effects to identify specific mechanisms that may lead to
production of monoradicals.

(2) Investigation of the kinetics of gel-formation in solution and bulk

using a polymer with a well-defined primary molecular weight
distribution.
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ABSTRACT

The kinetics of the high-temperature bulk polymerization of (3—phenoxyphen&1)—
acetylene were examinedvover the temperature fange 400 to 600 K usingkdifferen_
tiai scanning calorimetry; Analyses of samples polymerized over a widé rangé
 of temberature using gel permeation chromatdgraphy reQeéléd that the polymer

. molecular weight is fnvariant with temperature. The absence of an observabie
temperature correlation for polymer mdlecular weight_is examined in terms of

a biradical mechanism in which the kinetic and molecular chainvlengths are con-
trolled by a first-order térmiﬁation step involving cyclization of the growiﬁg
polymer chain. Based upon ghe obéér;ed data and semi—empirical thérmochemical
arguments, it is concluded that the molecular wéight of‘poly(3—phenoiygheny1)—
acetylene is controlled predominantly by steric and thermochemical factoré

rather than the reaction energetics.
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INTRODUCTION

The mechanisms for thermal polymerization of arylacetylenes are of interest from
" both theoretical and technological vicwpoints. These compounds, in particular
phenylacetylene and its simple derivatives, polymerize spontancously in the range
400 to 600 K, and initiation may involve biradical formation [1,2]}. Also, the
molecular weight of the resultant polymer is rather insensitive to polymerization
temperature [3,4]. The lack of an appreciable temperature dependence for molecu-
lar weight has been interpreted in the past as arising from degradative chain
transfer [5,6] and more recently as being the result of a size-dependent first-

‘order deactivation of the polymer chains (4,71.

The 3-phenoxyphenyl substituent in the related monomer, (3-phenoxyphenyl)acety-
lehe, occurs frequently in complex acetylene-terminated oligomers [8] that are
used in the synthesis of highly temperature-resistant polymers. Since (3-
phenoxyphenyl)acetylene possesses a substituent present in the oligomers as
well as a reactivity comparable to phenylacetylene [9], it represents a useful
model compound to examine in order to gain insight into the mechanism of poly-
merization of the acetylene-terminated oligomers. In this paper, we wish to
report the kinetics of the bulk polymerization of (3-phenoxyphenyl)acetylene

and discuss the mechanistic implications.
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EXPERIMENTAL

The monomer was obtained from Midwest Research Institute and purified by vacuum
distillation prior to use. Analysis by IR spectroscopy and gel permeation chroma-

tography (GFC) indicated that the monomer purity exceeded 99%.

For kinetic runs, conversion data were determined from isothermal and dyﬁamic
differential scanning calorimetry (DSC) measurements using a Perkin—Elmer‘DSC—
IT calibrated against lead and indium at heating rates of Sd, 40, 20, 1@, and
5 K/ﬁin. In addition, 1sothermal cOnversiOn data were(obtained frém near-IR
measurements by obserﬁing tﬁé disabﬁeéfance of the écétyiénié C-H stretcﬁing

" motion at 3250 cm-l.

DSC KINETICS

Dznamic'DSC

For dynamic Dsc; the disappeardnce of monomer was calculated from Eq. (i),

1 (aw) . L (dq) _ B0 o -
1 (dt/) : (dt)v- SUNAS (O W
where dq/dt is the differential power 6utput in mcal/sec, Q is the total

heat of reaction in mcal, W, is the initial weight of monomer, and W is

the weight of residual monomer at time t. The parametéré A and E are the

usual Arrhenius paraméters and € = 2.303 RT kcal/mol.
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The quantity F(W) [10] in Eq. (1) represents a concentration variable and was

assumed to have the form,
F(W) = (W/Wo)" = (¢/Q" = 1-0)", (1)

~where n is the reaction order and a, the degree of conversion at time t, is

(1-W/Wo) . The apparent rate constant, kap’ is AlO—EIG} thus, Egqs. (i) and (ii)

were combined to obtain

da _ n ' .
dc kap (1 a)‘. ‘ (iii)
The molarity of the reacting sample was defined as

X (1-a) M (1-a)
= < = (iv)
v HAV 1+AV/V° iv

M

where Xo and MB are the initial moles and molarity of the neat monomer,
respectively, Vs is the initial volume, and AV is thé volume change of
the reaction. Density méasurements for the pure monomer and solutions
of polymer in monomer corresponding to 107 conversion indicated that AV

approached 14% for 1007% conversion.

The enthalpy of polymerization, AHP, in kcal/mol was derived from
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where AHS is the heat of fusion of the standard, Am and AS are areas Ofbthe exo-

therms, and Wm and WS are weights of monomer and standard.

In a typical dynamic DSC run, a sample of the freshly degassed monomer (2-4 ﬁg)
was transferred to a standard DSC pan and scanned under nitrogen at the appro-
priate heating rate. Data reduction and analysis were obtained with computer

programs described previously [11].

Isothermal DSC

For isothermal DSC runs, a sample of the monomer was rapidly heated (heat rate
= 320 K/min) to the desiréd temﬁerature and the total output, dq/dt, was moni~
tored continuously until apparent completion of thé exotherm. At this time,’
the sample was rescanned ;o establisﬁ a baseline, the rate being,giveﬁ by the
diffefence between the baééline and total output. The pértial heat of reaction

at time ti was determined by step-wise integration using

‘ a, =-(Mm/wm)2(dq/dt)At | - o . : (vi)

where M.m is the” molecular weight of monomer and At is the observation time.

GPC analysis of these samples indicated the presence of residual monomer;
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;
. L
therefore, conversions were calculated from Eq. (vi) by normalization with the

1

total heat, Q, determined from the dynamic analysisf
IR MFASUREMENTS

Additional isothermal experiments were conducted by monitoring the disappearance
of the monomer by JR spectroscopy. In these runs samples of the monomer were
weighed into DSC pans, which in turn, were placed in 10 x 1/4 in. polymerization
tubes. Thé polymerization tubes were purged with nitrogen and placed in a sili-
cone oil bath maintained at 500 + 0.2 K, At periodic intervals the tubes were
removed from the oil bath and the reaction was quenched by submersion of the

tubes in liquid nitrogen. The contents of the DSC pans were dissolved in carbon
1

.

tetrachloride and the residual monomer was determined from IR at 3250 cm

MOLECULAR WEIGHTS

Molecular weight data were obtained with a Waters Model 244 Liquid Chromatograph
.using 104, 103, 2 (5 x 102), and 102 K u-STYRACEL columng. The GPC columns were
standardized against low-moleccular--weight polystyrene standards as well as iso-
lated fractions of poly(3-phenoxyphenyl)acetylene. All samples used for the GPC
calibration were standardized against benzil with a Mechrolab Vapor Phase Osmo-

meter. Weight- and number-average molecular weights as functions of temperature

and conversion were determined from the areas of the GPC curves.
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RESULTS AND DISCUSSION
DSC KINETICS
Dynamic DSC

Figure 1 illustratés the reaction exotherms obfained for the dynamic bSC fUns
for three of the five heating rates. Representative rate data inbthé range
10 to 60% conversion and the total number of data points ébtéined from each
exotherm are summarized in Table I. The tempefature dependence of the rate

data was evaluated by combining Eqs. (i) and (iii) to obtain

log (g%) = :2—?5—31-{«(,—}-) + log A(l—a)n. o - (vii)
At constant conversion, and.assuming A and n constant,vK. (vii) should yield -

a linear relation between log (da/dt) and T_l. Theréfbre,'the'apparent acti-
4vation energy, E, may be obtained from the slope of Eq. (vii) at each level of
conversion. An Arrhenius plot of Eq. (vii) for the data of Table I is shéwn

dn Fig. 2. 1In Fig. 2, the data obtained‘at each of the different conversion
Epoints fall essentiaily on lines of the same slope and indicéte that E is inde-
;pendent of conversion. In order to evaluate A and n, Eqs. (i) and (iii) were

:combincd to derive

log AF(W) = log A(1-0)™ = nlog (1-a) + log A. : (viii)
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Values of AF(W), calculated from the average activation energy and the rate data
at each heating rate, were combined with the conversion data and n and A were
determined from the slope and intercept of Eq. (viil). The order plot derived
from Eq. (viii) 1is shown in Fig. 3. Over the interval of 400 to 600 K from 20
to 60% conversion, the rcaction was determined to be approximately first-order

(n = 1.09), and least squares analysis of the rate data resulted in

log (kap/s”l) = (7.6 + 0.5) - (23.2 + 1)/¢ (ix)

where € = 2.303 RT kcal/mol. The error estimates correspond to one standard

deviation.

The enthalpy of polymerization, AHP, calculated for four of the five exotherms
of the dynamic DSC data from Eq. (v) are summarized in Table II. The agreement
between the values of AHP obtained at each heating réte indicates that the reac-

tion is independent of the heating rate,

Isothermal DSC

Conversion-versus~time data obtained from the isothermal DSC mecasurcments over
the temperature range 480 to 540 K as well as that obtained at 500 K from IR
measurements are plotted in Fig. 4. The excellent agrecment between these two
techniques for the runs at 500 K confirms that the exothermicity of the reac-

tion is associated with the loss of the acetylenic moiety.
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Reaction order plots based upon the logarithmic form of Eq. (iii)‘fqr:the iso-
thermal data up to 70% reaction are shown in Fig. 5 where the indicated slopes -
nere chosen to reflect the best overall fit to the observed data. Ovef the
first 50% of reaction, least'squares analySis resulted in reaction orders of -
2.5, 2.9, 2.9, and 2.3 at 480, 500, 520, and 540 K, respectively, The reason
for the disparity between these observations and the apparent firspforde; mono-
mer dependence obtained from the dynamie method ie unknown, although it may be
related to a difference in the’activity1of»theamonomer.at higher conversion

associated with the dynamic experiments.

Rate data determined from the initial slopes of the conversion plots in Fig. 5
are summarized in Table III. These data were subjected to least sqnares analy-

ais to obtain

log (kaé/s"l) (7.9 + 0.6) ~ (24.0 = 1.3)/& (x)

which is in good agreement with the preferred result, Eq. (ix), obtained from

the dynamic measurements.

The observed activation energies, E = 23.2 + 1 and 24.0 ¢ 1.3 kcal/mol from the
:dynamic and 1sotherma1 DSC- analyses, respectlvely, are in good agreement with
those expected from data previously reported for 51m11ar monomers [21, namely,

phenylacetylene (E = 26,2 £ 1 kcal/mol) and 2-methyl-5-ethynylpyridine (E =

20.4 + 1 kcal/mol).




POLYMER CHARACTERIZATION

A representative cummulative éifferential molecular weight distribution obtained
from GPC analysis at 243 nm for monomer polymerized at 480 K is shown in Fig. 6.
" The total reaction products were dissolved in chloroform, and the major compo-
nents consisting of fractions (1-2) were isolated by precipitation with methanol.
The IR and 1H NMR spcctra of these fractions were similar to those previously
reported for the trans-cisoidal isomer of polyphenylacetylene [12-14}. Low-
pressure reduction of fraction (1) with a Pd/charcoal catalyst resulted in up-
take of 4.6 moles Hzlmole of polymer based upon a VPO molecﬁlar weight of 2300.
For a polyene structure of the same molecular weight, one would expect an absorp-
tion of = 11 moles of hydrogen for a quantitative reduction. For comparisonm,

a sample of polyphenylacetylene (Mn = 2000) prepared under identical conditions
absorbed 4.3 moles of H2/m01e of polymer. Based on these data, it is concluded

that the polymer is a polyene with a trans-cisoidal conformation.

Fractions (3-5) were all soluble in methanol, and resolution was achieved from
repetitive collections of the GPC fractions. The 1H NMR spectrum relative to
TMS of the major methanol-soluble component, fraction (3), exhibited a complex
multiplet centered at 7.2 ppm and a singlet at 7.9 ppm with intensity ratios
consistent with that expected for the trimer, 1,3,5-tris(3-phenoxyphenyl)benzene.
Mass-spectral analysis revealed that fraction (4) was dimer. The GPC retention

volume of fraction (5) was identical to that of the monomer.

Molecular weights of the polymer distribution consisting of fractions (1-4)

at scveral conversfons and temperatures determined from the GPC analyses are
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summarized in Table IV. For:se?ondforder termination, Mw/Mn should &ary from
1.5 to 2.0, depending upon the amount of polymer formgd‘by disproportionatioﬁ.

.: All of the data in Table IV exhibit Mw/Mh = 1.2 and aré similar to those obserVed
for polyphenylacetylene [7]. In view of ﬁhe uncertalnty assoclated with the

GPC analysis of the ratio, Mw/Mn' it seems inappropriate‘to draw'conCIusipns
related to the termination mechanism from these measurements. ‘On the other

hand, the number-average molecular weights exhibit, at best, only a marginal
temperature dependenée. - This observation étrongly implies tﬁat thé‘kinetic

aﬁd molecular chain 1ehgtﬁs are governed by a first-order termiﬁation step,

as opposed to a second-order mechanism which would be reflected by a sizeable

temperature dependence for molecular weight. -

In addition to the data given in TablevIV, two samples~of moﬁomer diluted with
o-xylene (M = 1.8) were pblymerized at 400 K. The average molecular weights
of these samples were not significantly different'ffom those thained in bulk;
thus, chain transfer can be excluded'as a signifiéaﬁt fa;tor in controlliﬁg

molecular weight.
PROPOSED REACTION MECHANISM

.Based upon the sum of our expe;imental data and the combined observations of
Erhlich, et al., [7] for the azobisisobuLyfonitriie—initiated reaction of
phenylacetylene and’thosé of Berlin and co—workefs [2] for the corfeéponding
thermal reaction, we prpposeAthe simple»biradica1 mechanism'shown beiow for

(3-phenoxyphenyl) acetylene.
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M+ M3 (1) initiation
xi +M = Xj (2) propagation

Xj -+ Xk (3) termination

Xk > Xi+ ¢ (4) elimination

ZXL + (148)P (5) termination

In the proposed mechanism, -Mi is a biradical; Xi and Xj are growing polymeric
radicals, Xk is a cyclic radical formed py intramolecular cyclization of radical
xj; Xl is an open-chain radical formed by unimolecular elimingtion of a cyclic
trimer, ¢, from species Xk; P is polymer, and B is an unknown factor that may

vary from zero to unity which represents the fraction of polymer formed by

disproportionation.

Two possible structures for the biradical consist of the trans-1,4-di(3-
phenoxyphenyl)-1,3~butadien-1,4-diyl and the cis-1,3-di(3-phenoxyphenyl)-

1,3-butadien-~1,4~-diyl species,

¢
X-C=CH~CH=C-X and X-C=CH-C-X,

where X is identified with the 3-phenoxyphenyl substituent. While thermodynamic
and structural considerations favor the trans species formed by tail-to-tail
addition of monomer as the preferred structure, the cis-1,3-biradical obtained

from head-to-tail addition should not be totally excluded.
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Propagation is assumed to ‘occur from'a monoradical or péeudo—moﬁoradical source,
The initiating species could result from either subsequent reaﬁtions which pro-
- duce simple monoradicals or from steric and/or conformational effécts associated
with one of the radical sites in 'Mé' However;-in either case, one would étill

" expect the rate-determining step of the reaction to be dominated by formation

of the biradical, -Mi.

Reactions (2), (3), and (4) are assumed to exert major control OQer fhe kinetic
and molecular chain lengths, while reaction (5) does‘not. Reaction (3), first
proposed for polymerization of phenylacetylene [7], iepresents first-order
termination of the growing polymer chain. This is coﬁsistent with the polymer
characterizétioﬁ data and the fact that the polymer molecqlar_weight‘is rather

insensitive to the polymerization temperature,

If propagation is exclusively hecad-to-tail, then reactions (3) and (4) may be

represented as

A~CH=CX+ CH=CX)}5CH=CX ~ + A~ CH=CX—

. q. X
N‘CH=CX——Q

X 7V X

and

respectively. The conjugated radical, Xz,

re-initiate the kineticvchain or disappear through reaction (5) by radical

formed by reaction (4) could then

recombination and disproportionation.
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The significance of competing termination steps involving the proposed cyclohexa-

dienyl radicals, for example, by either the second-order reaction,

X
H *
2-cu=cx—j:] + (1+8)P , (6)
X X
or the monomer transfer reaction,
X X
-~cu=cxﬁ + M > NVCH:CX—@ + M, (N
X X X X
may be assessed from consideration of appropriate relative rates. With respect
to reaction (4), the relative rates of reactions (6) and (7) are R4/R6 = k4/

(2k6[xk]) and RA/R7 kal(k7[M]). From related thermochemistry [15], it is

likely that ka.i k6 = k7; therefore, the relative rates simplify to R4/R6_3
(Z[XR])—I and R4/R7 2_[M]f1. -Reaction (6) may be excluded from further con-
sideration since this would require an unusually large molar concentration for
Xk. i.e., [Xk] would vary from 0.05 to 0.5, in order for the relative rate to
be in the rcasonable range of 0.1 §_R6/R4 < 1. Competition between rcactions
(4) and (7) is more feasible since R7 = R4 when [Mi = 1; however, reaction (7)
can still be excluded from the mechanism since appreciable chain transfer with
o-xylene was not observed. Thus, the sequence of reactions (3-5) in the pro-
posed mechanism would account for the observed product distribution, which

consists primarily of linear polymer and cyclic trimer, as well as the marginal

temperature dependence observed for the polymer molecular weight.
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EVALUATION OF THE RATIO, k p/kt

Application of the usual steady-state hypothesis to the proposed mechanism

assuming short kinetic chains leads to

a P S o
dat R1 {1 + m M} U , (xi)' |

where Ri is the rate of initiation and kp and kt are specific rate constants o

for propagation and termination. Equation (xi) represénts the net disappear-
ance of monomer but simplifies to the more common long-chain approximation,

‘i.é., -dM/dt = (kp/kt)RiM’ when (kp/kt)M > 1.

Since the kinetic chain length, A, is (FdM/dt)/R , Eq. (x1) may be rearranged

to obtain

A=1+-L2M. | , ‘ '(xii)

From Eq. (xii), one would expect a small temperéture depende_nc_e for the kinetic
‘chain length since kp and 'kt could have similar activation enei‘gies. The kinetic

_chain length 18 related to the number-average degree of poly'me‘rizatiovn, DPn’ by

: . k ‘ L
DPn ©(148) (1 + kt M} o o o (xidd)
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Replacing M in Eq. (xiii) by Eq. (iv) yields

' k
-2 p | Mo (1-a)
PPa (1+8) { 1+ k. [1 + AV/VO]} ’ (x1iv)

which relates the number-~average degree of polymerization at steady-state con-

ditions to the extent of reaction and the volume contraction.

At ordinary temperatures, formation of polymer in reaction (5) would be expected
to occur predominantly by radical combination. On the other hand, considering
the rather high temperatures used to induce polymerization {16], one would infer
similar size distributions for the intermediates and the resultant polymer. Thus,
the unknown fraction, B, was equated to the average value of 0.5. and the molecu-
lar weight and conversion data in Table IV were combined in Eq. (xiv) to obtain

the data for kp/kt summarized in Table V.

Examination of the block of data in Table V obtained at 500 K reveals a small
correlation for kp/kt and the extent of reaction as expected from consideration
of Eq. (xiv). Comparison of the average of the data at 500 K to the other
entries over the entire temperature range indicates a negligible correlation

with temperature.
The lack of an observable temperature correlation for k /kt is not inconsistent

with the suggestion based upon Eq. (xii) that the kinetic and molecular chain

lengths might exhibit a small temperature coefficient arising from similar
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activation ehergies for propagation aﬁd tefmination. For the related mohomer,
phenylacetylene, Erhlich and co-workers [4,7] have suggested that the tempera-
ture independence of the polymer molecular weigﬁt’ié due'fo:a”Sizé—dependent'
electronic rearrangémenf rather‘than an exponehtialvtemperature dependence of
rate constants. While this suggestion Vould apply equally'to (34pheQOxyphenyl)—‘
acetylene, we believe that the temperature independence of the moleéuléf weight
for both polymers may also be rationalized from kinetic and thermochemical |

arguments outlined below.

" Entropy changes for both propagation and termination vary as ACp°ln(T/298),

whefe ACp® is the average heat capacity change of the reaétion-and T is abso-

"lute temperature. Cﬁangés‘in‘ACp° are usually small, for example, thermochemi-

cal considerations [17] suggest that ACp°® for propagation is close to zero.

In contrast, however, for termination (see Appendix) an additional increment

"arises from the loss of hindered internal rotation about carbon—carbonfsigma

bonds of the polyene chain in formation of the cyclohexadienyl species in

reaction'(4) which results in ACp® = - 3.5 cal/K-mol. _ Therefore, thertempera—'

~ ture dependence of the entropy change for termination should exceed that for

propagation as determined by ACp°1n(T/298).

Since the magnitude‘of Ap/At is governed by the difference in entfopy‘Changes

" of propagation and termination, i.e., As; - AS;, the latter considerations

suggest that Ap/At'should increase at higher temperaturex[18]; ‘From thg
thermodynamic data'of‘Table VI, the thermochemical considerations outlined
in the Appendix, and assuming tight or product-like transition states [19]
for propagation and términation, one canAestimate}that log (Ap/At/M_l) =

(1.8 +0.5) + 0.81n(T/298) over the range 298 to 800 K.
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Combining the estimate of log (ApyAt) with the average value, kp/kt = 31,5 Mfl'
l .

from Table V at 500 K leads to

K
log EP-/M—I = (- 1.8 + 0.81n(T/298) % 0.5) + (3.6 + 1)/6 (xv)
t

for the predicted explicit temperature dependence of kp,kt°

The suggested temperature dependence of Ap/At would be negligible at ordinary
temperatures for a polymerization consisting of long chains; however, it would
be quite significant at high temperature when A < 10. In fact, from the simple
model given in the Appendix used to derive Eq. (xv), one expects Ap/At to increase
by a factor of 1.4 over the range 450 to 540 K. 1In order for kp/kt to remain
constant, a change in Ep-Et on the order of 0.2 kcal/mol would be required,
which is well within the experimental uncertainty of the data of Table V. The
predicted increase in Ap/At would effectively cancel the decrease associated
with (EP—EC)IG at higher temperature so that kp/kt remains essentially unchanged
over the entire temperature range. Thus, it follows that DPn = 6 + 2 estimated
from Eq. (xiv) using kplkt evaluated from Eq. (xv) over ;he range 450 to 540 K
compares favorably with DPn =5 42 0.5 determined by the molecular weight data

- given in Table IV. Similar arguments might also account for the temperature

independence of the molecular weight of polyphenylacetylene.

The proposed first-order termination step, reaction (4), is analogous to intra-

molecular propagation; therefore, the predicted temperature dependence for kp/kt

80




given by Eq. (xv) should be comparable to cyclization ratios for monomers that
cyclopolymerize by competing inter- and intramolecular'propagation.Y,This is

supported experimentally by

k o
log |2 Y = (- 3.5 £0.8) + (2.3 £ 1.2)/8 ‘ (xv1)
c : . : ‘ v

for methacrylic anhydride [20], where kc is the specifié'rate constant for intra-
molecular propagation. The éimilarities of the ratios of the pre-expénential

7 factors as well as the obsérved activation energy differences in ﬁqs. (xv) aﬁ&
(xvi) provide additional support that termination involves intraﬁqlecular cycli-

- zation. Furthermore, this comparison is in accord with the expectatibn that Atb

- is greater tﬁan Ap, which suggests that the steric requirements fqr’cqntinued

- propagation exceed those for termination even though the activation energy for
termination may be greater than that expected for propagation. ‘This>1éads us

to conclude that the kinetic and molecular chain lehgths of pbly(3-ﬁhenoxypheny1)-
acetylene are influenced more by steric and thermochemical effects than those‘

‘associated with reaction energetics.
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SUMMARY

The kinetics of the high-temperature bulk polymerization of (3~phenoxyphenyl)-
acetylene were studied with isothermal and dynamic differential scanning calori-
metry, gel permeation chromatography, and infrared spectroscopy. The apparent
heat of polymerization at a mean temperature of 555 K was determined to be

AHp = ~ 36.4 + 1 kcal/mol. Least squares analysis of the rate data was used

to obtain the activation energy, E = 23.2 + 1 kcal/mol, and the pre-exponential

factor, A = 107'6 + 0.5 s-l

GPC analyses of samples polymerized over a wide range of temperature indicated
that the polymer molecular weight (Mn = 1007 + 68) 1is insensitive to the poly-
merization temperature. This was discussed in terms of a simple biradical

mechanism in which molecular weight is controlled by a first-order termination

step involving cyclization of the growing polymer chains.

Analysis of the molecular weight data, based upon the proposed mechanism, resulted
in kp/kt =1.5 % 0.5 ﬁ-l. The lack of an observable temperature correlation for
kp/kt is consistent with a small but nonetheless significant temperature depen-

dence for Ap/At estimated from semi-empirical thermochemical considerations. It
was suggested that the temperature dependence of Ap/At would cancel the decrease

at higher temperature associated with (Ep-Et)/G-so that kp/kt remains essentially

unchanged over the entire temperature range.
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Based upon the internal consistency Obtained‘by combining kp/kt,with the semi-
'emPirical estimate Of,Ap/At and the favorabie comparison to kipétic data for a
similar monomer, it was goﬁcldded that the kinetic and molecular,chaih lengths
‘of poly(3-phenoxyphenyl)acgt&lené are controlled primarily by_steric and thermo-

chemical factors.
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'APPENDIX

The entropy change'for‘termination was estimated for a model reéctién of a polyéne
chain from gfoup additivity;[Zl] with the assumption that fhe entropy'change is
independent of the kinetic chain length and the nature of the pendant groups
aftached to the polymer backbone. Sinée the entropy change foryfermination depends
'largely upon the loss of hindefed internal rotation about carbon-carbon éigma'bonds, ]

termination may be approximated as

CH2=CH-—CH=CH—-CH=(.:H‘ > @ )

' The thermodynamic properties of the radicals, for example, entropy, were obtained

by the difference method {22] using

O/PY - ©© ° +0 ° ° ’ o »
S (R) =S (RH) + ASVib’+ Abo + AS e f ASconj ; (Al)

- where S°(ﬁ) is the entropy of the rgdical andkAS;ib, ASé, AS;, Qnd ASZ6njfare
corrections to the hydrbca;boﬁ entropy, S°(RH), for changes associated)with'

! vibrational degrees of fréedom, symmetfy, electronic state, and resonaﬁce,

respectively, arising from the lossiof a hydfogen ;tom iﬁ thegparent hydrocar-

bon. The additional corrections associated with mass, barrier heights, and

overall rotation were neglected. The model compounds consisted of 1,3-

cyclohexadiene and 1,3,5-hexatriene.
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Corrections for symmetry were taken as Rlno, where o is the product of the total
independent symmetry axes within the molecule. Electronic states were assumed

to be doubly degenerate and AS‘e was approximated as RIn(2S+1) where S 1s the

net electron spin. For both radicals, AS;ib was associated with the loss of three
vibrational degrees of freedom at 3000, 1150, and 700 cmnl, while delocalization
of the odd electron in the 1,3-cyclohexadienyl radical was equated to a 3-electron
torsion at 500 cmjl.' Appropriate corrections for As;ib and AS:onj were obtained

from tables tablulated by Benson and 0'Neal [22].

Gas phase thermodynamic properties of the parent model compounds and the radicals
are summarized in Table VI. The absolute entropy change at 298 K, AS§98’ for the
ideal gas state at one atmosphere is related to that at higher temperature by

°o _ ° vl
AST ASZ98 + ACp ;n(T/298) (A2)

where As; is the entropy change at temperature T and AC° is the average reaction

heat capacity change over the observed temperature range. Ffom the data given

in Table VI, Eq. (A2) yields

AS% = (; 12.6 + 0.5) - (3.5)1n(T/298) cal/K-mol (A3)

for termination over the range 298 to 800 K. One should note that the mole
change for termination is zero; therefore, the entropy change is independent

of the standard state and should be unchanged in a condensed phase [23].
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A\ \

The result for log (Ap/At) was evaluated from the assumption of tight transition
o . ,

‘states, i.e., assuming AS" = AS° [19], from

A\ 8s; - a5y - Rinav | | |
log {37 = 7.303 R D ' a8

where AV (= 0.14) is the volume change of polymerization. The entrdpy for pro-
‘pagation is not known precisely;vhowever, it should be similar to that for related
vinyl monomers, ASS = ~ 25 ¢+ 2 cal/K-mol [19]; With.thé latter'assumptions,

Eqs. (A3) aﬁd (A4) léad to

A - ‘
log |-B/M™™|] = (- 1.8 + 0.5) + 0.8 1n(T/298) , (A5)

over the range 298 to 800 K.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

FIGURE CAPTIONS

Reaction exotherms for thermal reaction of (3-phenoxyphenyl)acetylene.

Heat rate (K/min) ®80; A 40; m 20.

Composite Arrhenius plot for thermal reaction of (3~-phenoxyphenyl)-

acetylene from 467 to 557 K. «; @ 10; A 20; m 40; Q 60.

Dynamic DSC reaction order plot for thermal reaction of (3—-phen6xypheny1)—

acetylene from 467 to 557 K.

Isothermal conversion time curves for thermal reaction of (3-phenoxyphenyl)-

acetylene. DSC; @ 480 K; A 500 K; m 520 K; Q 540 K; IR; A 500 K.

Isothermal reaction order plots for thermal reaction of (3-phenoxyphenyl)-

acetylene. —~ 0 to 50% conversion; @ 480 K; A 500 K; m 520 K; O 540 K.

GPC trace for thermal reaction of (3-phenoxyphenyl) acetylene at 480 K.

(1), (2) polymer; (3) oligomer; (4) dimer; (5) monomer.
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TABLE 1. SUMMARY OF DYNAMIC DSC DATA FOR THERMAL
POLYMERIZATION OF (3-PHENOXYPHENYL)ACETYLENE

at x 10
Heat Rate a x 100 T -1 Total Data Pt.
(K/min) (X) (s 1)
80 10 518 9.87
20 530 15.4
30 538 19.8
40 545 23.0
50 551 23.3
60 557 22.4
122
40 10 508 4.13
20 520 7.46
30 527 9.45
40 534 11.5
50 539 11.9
60 545 11.7
. 170
20 10 500 2.67
20 510 4.59
30 516 5.47
40 522 6.18
50 528 6.34
60 533 5.95
152
10 10 480 1.15
20 490 1.97
30 498 2.58
40 504 2.96
50 509 3.19
60 515 3.10
169
5 10 467 0.74
20 476 1.21
30 482 1.50
40 487 1.70
50 492 1.79
60 497 1.76
125
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TABLE II. HEAT OF POLYMERIZATION OF
o © (3-PHENOXYPHENYL) ACETYLENE

Heat Rate o fﬁéga =AHp
(K/min) | | Cw® (kcal/mol)
80 , 552 35.4°
40 . 542 136.7
20 | 532 37.0
10 | 514 36.6

o AV 364 %1

a. T _ 1is the temperature at the maximum of the exotherm.
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TABLE III.

SUMMARY OF ISOTHERMAL DSC DATA FOR THERMAL
POLYMERIZATION OF (3-PHENOXYPHENYL)ACETYLENE

T Wo gd% -xl 104 Reaction Order
(K) (mg) (s ™)
540 2.2 133 2.5
520 2.1 64.3 2.9
500 3.7 27.0 2.9
480 3.6 8.33 2.3
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TABLE 1V.

INFLUENCE OF TEMPERATURE AND CONVERSION ON THE

MOLECULAR WEIGHT OF POLY(3-PHENQXYPHENYL)ACETYLENE

b

M

é. Bulk molarity of the monomer.

b. Determined from disappearance of the acetylenic
moiety at 3250 cm~l,

T M, (1 + av/vy) o x 100 M g
(K) 6]
540 2.65 0.921 51 1113 k1301
520 2.76 0.960 26 1008 1099
500 2.80 10.980 13 973 1043
| 0.970 19 947 1107
0.956 28 971 1155
0.941 38 912 1064
10.934 43 1120 | 1374
0.923 45 1091 1246
480 ' 3.00 0.956 26 973 131
460 3.14 0.970 19 1034 1201
450 3.31 0.967 21 985 11097
0.969 20 960 1095
Av 1007 + 68

1159 + 101




TABLE V.

INFLUENCE OF TEMPERATURE AND CONVERSION

ON THE RATIO, kp/kt

T o 100 o/,
(K) (1)
540 51 2.4
520 26 1.4
500 13 1.1
19 1.2
28 1.3
38 1.4
43 2.1
45 2.1
480 20 1.1
460 19 1.2
450 21 1.1
20 1.0

Av - 1.5 * 0.5
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TABLE VI. SUMMARY OF IDEAL GAS THERMODYNAMIC PROPERTIES

Species Symmetry Numbef (o) - ,S;nt'a ' c,° |
cal/K-mol cal/K-mol
298 K 298 K 800 K
CH,,/=CH-CH=CH~CH=CH, .2 . 80.74 28.04 53.54
b - | | .
@ 2 - 67.40 23.08 51.42
CH ,=CH~CH=CH- CH=CH 1 79.02 26.90 50.09
47.97

@ 1 . . 66.38 21.94

a. The intrinsic or symmetry-corrected entropy, S° ., is related. to

. ° = Qo .- int
absolute entropy by Sint Sabs + Rlno. o

b. Estimated from _CH3(CH2)4CH3 tusing Ref. [21], p. 68.
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THE POLYMERIZATION OF BIS[4-(3-ETHYNYLPHENOXY)PHENYL]JSULFONE AND 4-(3-ETHYNYLPHENOXY)-
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James M. Pickard Systems Research Laboratories, Inc.

S. C. Chattoraj Research Applications Division x
2800 Indian Ripple Rd.
Dayton, Ohio 45440; phone 513-426-6000

M. T. Ryan Air Force Materials Laboratory
Air Force Wright Aeronautical Laboratories
Air Force Systems Command
Wright-Patterson Air Force Base, Ohio 45433

Systems Research Laboratories, Inc., 2800 Indian Ripple Rd., Dayton, OH 45440
Air Force Materials Laboratory, Wright-Patterson Air Force Base, OH 45433
x Macromolecules

none

THE POLYMERIZATION OF BIS[4-(3-ETHYNYLPHENOXY)PHENYL]SULFONE AND 4-(3-ETHYNYL-

PHENOXY)PHENYL PHENYL SULFONE. James M. Pickard and S. C. Chattoraj, Systems
Research Laboratories, Inc., Research Applications Division, 2800 Indian Ripple Rd.,
Dayton, OH 45440; and M. T. Ryan, Air Force Materials Laboratory, Air Force Wright
Aeronautical Laboratories, Air Force Systems Command, Wright-Patterson Air Force Base,
OH 45433,

Thermal polymerization at. 433 K of bis[4~(3-ethynylphenoxy)phenyllsulfone (I) in
the initial stages of reaction and of 4-(3-ethynylphenoxy)phenyl phenyl sulfone (II) up
to 90Z conversion was found to yield polymers with number-average molecular weights
approaching 3000. The IR spectrum of polymer (I) contains a band at 3300 cm~l, indi-
cating the presence of free ethynyl moieties in the polymer. Both polymers exhibit
weak bands in the region of 950 cm~l, indicative of trans-unsaturation. The existence
of trans-unsaturation in the polymer backbone is confirmed by 1H NMR for both polymers
and by 13C NMR for polymer (II) from analysis of spectral perturbations induced by the
addition of a shift reagent, Eu(fod)3. Assignments for l1H NMR spectra were based upon
a first-order analysis of multiplets, while those for 13C spectra were deduced from
intensity effects and group additivity considerations. It is concluded that both
polymers possess a trans-cisoidal structure.

Acknowledgement: Research sponsored in part Sy the Air Force Systems Command, Air
Force Materials Laboratory, Wright-Patterson Air Force Base, OH 45433 under Contract
No. F33615-77-C~5175.
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AND 4-(3-ETHYNYLPHENOXY)PHENYL PHENYL SULFONE
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J. M. Pickard and S, C. Chattoraj
Systems Research Laboratories, Inc.
2800 Indian Ripple Rd.
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and
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INTRODUCTION

In recent years, extensive research has been directed toward
synthesis and characterization of acetylene-terminated oligomers
consisting of sulfones, imides, and quinoxalines having potential for
use as adhesives and composites in high~temperature aerospace environments
[1]. The oligomers, for example, the sulfone

HC=C Q C=CH

Qoo o

cure by the reaction of the terminal ethynyl moieties without evolution
of volatile products, . thereby avoiding the cavitation problem encountered
with more conventional resin systems. Analogies drawn from the chemistry
of simple arylacetylenes suggest that the pre-gel stage of the curing
reaction may involve the formation of low-molecular-weight polyenes [2].
In this vein, oligomer (II) )

Lo ™™ oy
0]

would be expected to possess a reactivity comparable to that of simple
arylacetylenes as well as that of the acetylene-terminated oligomer
indicated by Structure (I). In this paper, IR, 1y NMR, and 13¢ MWMR
characterization data are presented which support the formation of
polyene structures in the pre-gel stages of the bulk thermal polymeriza-
tion of bis[4-(3-ethynylphenoxy)phenyllsulfone (I) and 4-(3-ethynyl-
phenoxy)phenyl phenyl sulfone (II). '

EXPERIMENTAL

Polymer Synthesis :

Polymerization was conducted in pyrex tubes under nitrogen atmosphere
by heating in a silicone oil bath maintained at 433 +1K. The reaction time
for oligomer (I) was limited to 1 hr. (* 40% conversion) in order to
minimize the formation of an insoluble cross-linked polymer. Oligomer
(11) was reacted for 3 hr. to obtain a conversion approaching 90%.
Reaction products for each oligomer were dissolved in CH2Cly, and the
polymers were isolated by precipitation with methanol. Analysis of the
reaction products by gel permeation chromatography revealed that, in
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addition to the polymer, the reaction of both oligomers was accompanied
by the formation of two lower-molecular-weight fractions. Analyses of
the isolated polymers using vapor phase osmometry indicated that the
number-average molecular weight of polymer (I) was 2785, while that of
polymer (II) was 2620.

Polymer Characterization

Infrared specira of the polymers and oligomers were obtained with a
Perkin-Elmer 521 infrared spectrophotometer in either KBr matrices or
as thin films on NaCl plates,

Nuclear magnetic resonance spectra were obtained with a Varian
XL 100/15 NMR interfaced with a Varian VFT-100 computer and gyrocode
decoupler. Proton spectra of the oligomers (0.2Min CDC1l3) and polymers
(0.05 g/ml in CDC13) as well as those obtained in the presence of 0.0l to
0.07 M concentrations of a shift reagent, Eu(fod)j, were recorded in the
CW mode at 100.1 MHz. Chemical shifts were measured relative to
internal TMS.

Pulsed FT 13¢ spectra at 25.2 MHz for oligomer and polymer (I)
were obtained in 1.7-mm tubes, while the spectra for oligomer and
polymer (II) were obtained in 12-mm tubes. Proton-noise decoupled
spectra of the oligomers were obtained using a 65° pulse and repetition
time of 4.8 sec, while those of the polymers along with decoupled
spectra were obtained with a 25° pulse and repetition time of 0.8 sec.

RESULTS AND DISCUSSION

IR spectra

Infrared spectra, of the monomers and polymers are illustrated in
Fig. 1. The structural complexity and inherent lack of high symmetry
rule out the use of detailed group theoretical correlations; however,
qualitative observations are easily discerned. The spectra of both
oligomers, Figs. la and lc, possess an intense band in the region of
3300 cm~l and weak bands at 2100 cm~l which are characteristic of the
C-H and C=C stretching motions of the ethynyl groups, [3]. 1In polymer
(II) the 3300 cm™l band is absent, while in polymer (I) the intensity of
this band has decreased to about one-half that observed in the initial
oligomers, Figs. la and lec.

The spectra of both oligomers and polymers exhibit weak bands at
3050 cm~l, very intense bands at 1600-1500 cm~1l, and strong bands at
700-600 cm~1 which are characteristic of C-H stretching, C=C stretching,
and C-H deformation modes of the aromatic rings [4]. The positions of
the intense bands in both polymers and monomers in the 1350-1200 and
1150-1060 e¢m~1 regions associated with the symmetric and antisymmetric
stretching motions of aryl ether and aryl sulfone moieties [5] are
relatively unperturbed by polymerization. By analogy with simple poly-
arylacetylenes [2], both polymers exhibit weak bands around 960-940 em~1
that may be indicative of trans-unsaturation. This observation and the
existence of pendant ethynyl groups in polymer (I) are indications that
both polymers possess trans-polyene structures.
lH NMR_Spectra

The proton spectra in the region 3-8 ppm for polymers (I) and (II)
and changes induced by addition of the shift reagent, Eu(fod)j, are
given in Figs. 2 and 3. Figures 2a and 3a both show characteristic broad
absorption in the region 6-8 ppm which is analogous to the spectra of
polyarylacetylenes [2].
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Polymer (I) in Fig. 2a shows broad absorportion at 7.9, 7.5 (CHClj3
impurity), and 7.0 ppm with half-bandwidths, i.e., Avi, of 35, 10, and
35 Hz, respectively. The absorption at 7.0 ppm is asymmetric and decreases
toward the baseline at 6.0 ppm. There 1s also a resonance with Avy, =4 Hz
centered at 3.1 ppm, indicative of pendant ethynyl groups. The re ative
intensities of the ethynyl and aromatic protons are consistent with the
proposed polyene structure for polymer (I). Polymer (II) in Fig. 3a
exhibits broad absorption from 6 to 7.2 ppm, with Avy = 80 Hz, a sharp
CHC1l5 impurity at 7.2 ppm, and broad absorptions with Aviy = 20 Hz at 7.2
and 7.9 ppm. Assignments for the proton spectra based upon a
first-order analysis of the multiplets are summarized in Table I.

Coordination of the shift reagent with the polymers would be expected
to occur at the sulfone nucleus, which is supported experimentally by the
spectral changes shown in Figs. 2b and 3b. Figure 3b for polymer (II) shows‘
clearly that the aromatic protons shift downfield, revealing a broad
resonance at 6.2 ppm. Similar behavior, but less intense due to more
extensive line broadening, is observed in the spectrum of polymer (I) in
Fig. 2b. The resonance in both polymers at 6.2 ppm is in the region
reported for the olefinic protons of the trans-cisoidal isomer. of
polyphenylacetylene [2].

13CNMRSpectra
Assignments for 13¢ spectra were based upon intensity considerations

and additivity rules for substituted benzenes [6,7]. In the oligomers,
chemical shifts for the carbon atoms in the ethynylbenzene moiety were
derived from substituent constants for a p-sulfonylphenoxy group and
empirical parameters given for ethynylbenzene [6]. Chemical shifts for

the aromatic carbons in the polymers, based upon parameters for phenylace-
tylene and styrene [6] were estimated from the chemical shifts of the
oligomers and the assumption that the ethynyl group is converted to an
ethene 11nkage by polymerization. The observed 13¢ spectra are summarized
in Table II, and the reasonable agreement between the observed and estimated
chemical shifts supports the polyene structure assumed for each polymer.

Changes in 13C spectra induced by the addition of Eu(fod)3 to oligomer
and polymer (II) are illustrated in Figs. 4 and 5, respectively. Figure 4
reveals that the largest downfield shifts of the aromatic carbons in the
oligomer occur at positions £ and m which are directly bonded to the
sulfone nucleus. 1In Fig. 4 the ethynyl carbons at 78.3 and 82.2 ppm are
unchanged by the addition of Eu(fod)3.

In the spectrum of polymer (II), the aromatic carbon formally
assigned to the 119.9-ppm line in the oligomer is broadened and extends
over the range 118-120 ppm, as indicated by the hatched area in Fig. 5.
In addition, a broad resonance in the region expected for olefinic carbons
was observed in the spectra obtained for the polymer solutions containing
0.04 to 0.06 MEu(fod)3. The chemical shifts of a— and B-carbons in
substituted styrenes are reported to occur in the range 133-150 and 109- 120
ppm, respectively, relative to TMS [8].

Additional work involving 13¢ spectra is in progress to further
elucidate the polymer structures. It is anticipated that these experiments
will provide additional information related to the stereochemlstry of the
polymer chains.
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Table I. SUMMARY OF 1H NMR DATA
a
i hOgq ¢ p ,O=CH
So8 somsct
O
0ligomerd Polymer
X Obs. 6 (ppm) AssipnP Obs. 8 (ppm) AssignP
H 7.9,8.0 g,h 7.8 g,h
7.5 i,e 7.5 i,c,t
7.3 b,e 6.0-7.2 b,d,f,j,=CH
7.2 d
7.0 £,3
3.1 a
’Q©,C!CH 7.9 g 7.9 g
7.3 b,e 7.4 b,e
7.1 d 7.1 c,d,f,=CH
7.0 f,c 3.1 a
3.1 a
8For X # H, g=h, f=1
Based on first-order analysis of multiplets.
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Fig. 4. 13¢ spectrum for oligomer Fig. 5. 13¢ Spectrum for polymer
(11), & vs. [Eu(fod)s]. (11), § vs. [Eu(fod)3].
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Table II. SUMMARY OF C NMR DATA
b a
oo 9 !k.li o hd‘cc=CH
"_<p :>—§ (OO e
0]
Oligomerd Polymer
Obs. 6P Cale. § Obs. 60 Calc. §
X (ppm) (ppm) Assign. (ppm) (ppm) Assign,
H 78.3 a 109 a,b
82.2 b
117.5 3 117.2, 117.3 d
117.4
120.4 119.9 g 118-120 120.1 g
123.1 123.9 d
123.6 123.5 c
126.9 n 126.9 n
128.1 128.3 e
128.7 o 128.7 o
129.4 k 129.4 129.4 f,k
129.6 130.0 £
132.4 P 132.5 P
134.9 m 134.8 m
141.4 1 141.1 139.2, £,c,e
143.,7
154.0 154.3 h 154.4 153.8 h
160.6 i 160.9 i
A@(CEC” 79.7 a 79.8 a
82.4 b 82.4 b
117.8 d
117.9 j
118.2 j 118.3 j
121.1 g 121.1 g
123.4 d 123.4 d
124.4 c 124.4 c
128.5 n
128.6 e 128.7 e
129.6 k 130.1 k
130.0 f 130.7 f
135.7 L 136.6 £,m
154.6 h 155.2 h
160.4
161.1 i 161.4 i
%or X # H; p=1i;n=%k; 0o=j; m= &,
bMeasured from CDCl3 and converted to TMS scale by oCDC13 = Oomg = 76.91.
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THE KINETICS AND MECHANISM OF THE BULK THERMAL POLYMERIZATION OF BIS[4~(3-ETHYNYL-
PHENOXY) PHENYL JSULFONE. James M. Pickard and E. Grant Jones, Systems Research
Laboratories, Inc., Research Applications Division, 2800 Indian Ripple Rd., Dayton,
OH 45440; and Ivan J. Goldfarb, Air Force Materials Laboratory, Air Force Wright
Aeronautical Laboratories, Air Force Systems Command, Wright-Patterson Air Force Base,

OH 45433.

The kinetics of the bulk thermal polymerization of bis[4-(3-ethynylphenoxy)phenyl]-
sulfone were determined using differential scanning calorimetry over the range 450 to
‘510 K. Least squares analyses of the rate data were used to obtain an apparent
activation energy, E=24.2+0.7 kcal/mol, and logarithm of the pre-exponential factor,
log(A/s‘1)=8.5:t0.6. In the pre-gel stages of polymerization at constant conversion, the
number~average molecular weight of the polymer exhibited a small exponential temperature
dependence. These data are examined in terms of a free-radical chain mechanism in which
molecular weight is controlled by a first-order termination reaction.

Acknowledgement: Research sponsored in part by the Air Force Systems Command, Air Force
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F33615-77-C~5175.

111




THE KINETICS AND MECHANISM OF THE BULK THERMAL POLYMERIZATION
OF BIS[4~(3-ETHYNYLPHENOXY)PIENYL]SULFONE

by

J. M. Pickard and E. G. Jones
Research Applications Division
Systems Research laboratories, Inc.
2800 Indian Ripple Rd.
Dayton, OH 45440

and

I. J. Goldfarb
Air Force Materials Laboratory
Alr Force Wright Aeronautical Laboratories
Air Force Systems Command
Wright-Patterson Air Force Base, OH 45433

INTRODUCTION

During the past decade, acetylene-terminated oligomers which cure by
the facile reaction of the terminal ethynyl groups have received consider-
able attention due to their use as adhesives and composites in high-
temperature aerospace environments [1]. While several suggestions have
been made that the curing reaction involves a polycondensation or
aromatization of the ethynyl moieties which leads to diverse products
consisting of tri-substituted benzenes, napthalenes, and cyclooctatetrenes
[2,3], apparently little effort has been directed toward elucidating the
reaction mechanism. In a previous paper [4], evidence was presented which
indicated that below 507% conversion, bis[4-(3-ethynylphenoxy)phenyl]-
sulfone polymerizes in the range 400 to 500 Kto yield a conjugated polyene
having a molecular weight approaching 3000. These observations, which
imply a reactivity comparable to that of simple arylacetylenes, suggest
that the pre-gel stage of the curing reaction of the oligomers proceeds
by conventional free-radical polymerization., In this paper, the kinetics
of polymerization of bis[4~-(3-ethynylphenoxy)phenyl]sulfone are presented,
and evidence is offered in support of a free-radical chain mechanism in
which molecular weight is governed by a first-order termination reaction.

EXPERIMENTAL

Kinetics

Rates of polymerization were determined by dynamic differential
scanning calorimetry (DSC) using a Perkin-Elmer DSC-2 calibrated against
lead and indium at heating rates of 5, 10, 20, 40, and 80 K/min. Rates
of conversion, da/dt, were calculated from

da _1fdq\ _ . -E/e
M‘Q@J-1° F(a), (1)

where Q is the apparent heat of reaction (in mcal), dq/dt is the differ-—
ential output (in mcal s_l), A and E are the usual Arrhenius parameters,
and 6=2.303RT kcal/mol. The quantity F(a) is a concentration variable
and is expressed as

Fla) = (¢/Q" = (1-a)", (ii)

where q is the partial heat of reaction at time t, a is conversion, and
n is the reaction order. Equations (i) and (ii) are combined to obtain
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where kap is the observed rate constant.

Molecular Weight Measurements

Molecular weight data were obtained with a Waters Model 244 Liquid
Chromatograph (GPC) using 104 103, 2(5x102), and 102 2 u-STYRAGEL
colums with THF as the solvent at a flow rate of 1 ml/min. Calibration
of the GPC columns was based upon isolated fractlions of a polymer of known
molecular weight determined by vapor phase osmometry. Examination of the
GPC trace of the reaction products revealed the presence of the polymer
~as well as two oligomeric fractions. Weight- and number—average molecular
weights of the product distribution, including the oligomeric fractions,
were determined as functions of conversion and temperature from the areas
of the GPC curves.

RESULTS AND DISCUSSION

DSC Kinetics
In order to evaluate the temperature dependence of the rate data,

Eq. (iii) was rearranged to obtain

1og(d ) 0 ;§3R (1)+ logA(1- a) | © (iv)

For constant conversion and assuming A and n to be constant, Eq. (iv)
should yield a linear relation between log(da/dt) and the reciprocal of
absolute temperature. Therefore, the apparent activation energy may be
determined from the slope of a plot of Eq. (iv) obtained from different
extents of conversion. A representative Arrhenius plot for data obtained
for five heating rates in the range 10 to 607 is given in Fig. 1. -Examina-
tion of Fig. 1 reveals that the data obtained at different extents of
conversion and variable heating rates fall on lines having the same slope,
thereby indicating that the activation energy is 1ndependent of both
conversion and heating rate. :

Taking the logarithm of Eq. (iii) yields
logAF (a) = logA(l—a) = n log(l-a) +logA. (V)

Values of AF(a), calculated from the average activation energy and rate
data at each heating rate, were combined with conversion data and values
for n and A were determined from the slope and intercept, respectively,
using Eq. (v). From 463 to 504 K in the range 20 to 607 conversion, the
reaction was found to be significantly less than first-order, with n = 0.33.
Least squares analysis of the rate data in Fig. 1 was used to obtain the
logarithm of the apparent rate constant,

1og(kap/s“1) ~(8.5%0.6) - (24.2£0.7), | o (vi)
o

where the uncertainties correspond to one standard deviation. The logarithm
of the observed A factor compares favorably with values reported previously
for bulk polymerlzatlon of simple arylacetylenes [5,6], namely, phenyl-
acetylene (log A/s~1 = 8.1) and (3-phenoxyphenyl)acetylene (log A/s~1 = 7.6).

Values of Q obtained from the integral of the DSC exotherms were
averaged to obtain the enthalpy of polymerization, AHp=-55 % 6 kcal/mol.
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Effect of Reaction Variables on Molecular Weight

Figure 2 illustrates the variation of the dispersion ratio, 1i.e.,
the ratio of the weight- and number-average molecular weights, M,/M,, with
conversion for samples of the oligomer polymerized at 434 XK. Examination
of Fig. 2 reveals that M, /M, = 1.5 up to approximately 307% conversion.
Under conditions where conversion exceeds 30%, Mw/ rises rather rapidly
as the reactionapproaches the gel point. The intersection of tangents
drawn along each of the linearbrarches in Fig. 2 implies that the critical
conversion for gel formation exceeds 35%.

The influence of temperature upon the number-average molecular weight
at 25% conversion in the range 390 to 510 K is shown in Fig. 3. Although
the data are somewhat scattered, M, exhibits a small but significant
exponential temperature dependence. For a conventional free-radical
mechanism controlled by second-order temination, one expects a sizeable
temperature dependence for the polymer molecular welght since the kinetic
chain length is inversely proportional to the square root of the rate of
initiation. The small temperature variation shown in Fig. 3 suggests that
in the pre-gel'stage of polymerization, molecular weight is governed by
a first-order termination.

Reaction Mechanism

1f it is assumed that kinetic and molecular chain lengths are con-
trolled by a first-order termination, then application of the steady-state
hypothesis assuming short kinetic chains leads to

k
- i{l +-2 M{ (vii)

for the net disappearance of monomer, where M is the monomer concentration,
R; is the rate of initiation, and kp and k¢ are specific rate constants for
propagation and termination, respectively. The suggested first-order
termination most likely involves intramolecular cyclization [7] which may

be represented as X
~~CH=CX{CH=CX} ,CH=CX + wcu=cx—<}x ,
X

where X corresponds to the pendant 3-[4-[[4-(3-ethynylphenoxy)phenyl]-
sulfonyl]lphenyl]phenyl substituents attached to the polymer backbone. The
cyclohexadienyl radicals formed in the first-order termination reaction may
disappear by several competing reaction pathways involving (a) aromatiza-
tion via proton transfer to monomer, (b) unimolecular elimination of a
cyclic trimer followed by radical combination and/or disproportionation,
and (c) direct formation of the polymer through radical combination.
Analogies drawn from the thermochemistry for simple free radicals would
favor reaction (b); however, reactions (a) and (c) cannot be totally
excluded. Reactions such as (a) and (c) provide a mechanism for intro-
ducing aromatic moieties into the polymer backbone and are qualitatively
consistent with 13C magic-angle measurements on acetylene-terminated
polyimides by Sefcik and co-workers [8] which indicate that less than

30% of the ethynyl groups react by cyclotrimerization.

Under steady-state conditions the number-average degree of polymeriza-
tion, DP,, is related to the kinetic chain length, A = (-dM/dt)/R_, by
DP, = 2 X/(1+B), where B is the fraction of the polymer formed by
disproportionation. If k /ki and M are expressed as Ap/A¢10-(Ep-E¢) /8 and
Mo (1-a)/ (1+4V/Vo), respecgively, where AV is the volume change of
polymerization and Vo and M, refer to the volume and molarity of the neat
monomer, then Eq. (viil) may be rearranged to obtain
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' E -E ‘ , A MM (1-0)|
1 log {DPn'— 2/ (1+B)} _2%(%1( ( 1 ) + log (i—_%é-) KR[W] . (viid)

For constant conversion, the decrease associated with Mo/(1+AV/V ) will
be offset by an expected increase in A /At therefore, within a reasonable
approximation, the right-hand side of Eq. (viii) involving (1+AV/V,)
should be invariant with temperature. Consequently, a plot of

log (DP - 2/(1+8)) as a function of the reciprocal of absolute temperature
should be linear, having a slope equivalent to (Ep-Et)/(Z 303R).

The value of B is unknown; however, variation of B from zero to unity,
while producing a small perturbation to the intercept of Eq. (viii), would
have a negligible effect upon the magnitude of (E,-E )/(2 303R). There-
fore, B was equated to the average value of 0.5, and the molecular weight
data plotted according to Eq. (viii) in Fig. 4 were subjected to least
squares analysis to yield ‘

log {DPn—4/3} = (-1.020.6)+ (3.6+1.3) (ix)
)

over the range 400 to 476 XK. In Eq. (ix) the difference in activation
energies for propagation and termination indicates that E¢ is approximately
4 kcal/mol larger than E,. Also, from the intercept it may be inferred
that Ay exceeds by an order of magnitude. These observations are
qualitatively consistent with predictions derived from semi-empirical
thermochemical estimates [9] and strongly imply that the kinetic and
molecular chain lengths are governed by opposing thermodynamic factors
which overshadow the otherwise favorable reaction energetics.
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